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The city of Venice, Italy is joined with the Adriatic Sea to the east via three inlet channels. Storm 
events, originating from the Adriatic, have historically raised water levels in the Venice lagoon, 
flooding the city. The city has decided to construct retractable flood gate structures in each of the 
three inlets in order to temporarily mitigate floodwater levels during storm events. A vibratory plate 
system, 3 meters in length by 3 meters in width, was constructed to perform compaction of the 
saturated, structural fill used for the gates’ foundations along the seafloor. Successful compaction 
requires that the structural layer achieve a certain design stiffness for proper performance. A real-
time performance evaluation model was developed to monitor stiffness during underwater 
compaction using on-board, vibratory plate instrumentation, i.e., accelerometers. The model was 
successful, but suffers limitations in that it does not account for dynamic, excess pore water 
pressures generated during underwater vibratory loading. The research presented here indicates 
that monitoring pore water pressure accumulation, enabling application of an effective stress 
model, would assist in avoiding significant plastic yielding and cyclic mobility induced failure during 
vibratory loading. Accumulation of plastic volumetric strain, and consequently excess pore water 
pressure, can be significant during undrained cyclic loading. Accumulation of excess pore water 
pressure during vibratory loading is consistent with results from cyclic testing. This dissertation 
presents the results of both a detailed experimental investigation into fundamental, cyclic (i.e., <0.2 
Hz) and dynamic (i.e., 1-30 Hz) soil behavior as well as a study on the policy environment 
surrounding innovative technology diffusion as it pertains to the US Highway Construction Industry. 
Additionally, this research investigates the use of surficial, electric potential (self-potential) 
measurements to monitor the streaming potential phenomenon to infer subsurface, dynamic pore 
water pressure generation induced during vibratory loading. 
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1.1 Introduction and Motivation 
This dissertation presents the results of both a detailed experimental investigation into 
fundamental, cyclic (i.e., <0.2 Hz) and dynamic (i.e., 1-30 Hz) soil behavior as well as a study on the 
policy environment surrounding innovative technology diffusion as it pertains to the US Highway 
Construction Industry. This chapter provides technical background to familiarize the reader with the 
current state of the art and understanding relevant to establishing appropriate motivation for this 
research. An overview of theory pertaining to critical state soil mechanics, poroelasticity, mixture 
theory, and streaming potential is presented in this chapter. More focused literature reviews with 
respect to each of the technical research objectives are presented in the introduction section of their 
corresponding chapters. Relevant literature related to policy research is cited in where appropriate in 
the corresponding chapter. 
The technical research presented in this dissertation expands the base of knowledge with respect 
to cyclic and dynamic response of water-saturated sands within the seismic frequency band, i.e., 0-
100Hz [1]. Research on frequency dispersion in both soils and rock within this frequency band is limited, 
e.g., [2][3][4][5][6]. Understanding the dispersion of wave propagation attributes enables direct 
inference into a soil or rock’s geomechanical properties [7] as well as characteristic hydrological 
properties of the saturating pore fluid [1]. The ability to characterize geomechanical attribute dispersion 
such as modulus and attenuation within this low frequency band presents a significant contribution to a 
variety of scientific and engineering communities, e.g., geotechnical engineering, seismology, 
geophysics, and petroleum engineering, benefiting a variety of applications such as geotechnical 
construction, such as underwater vibratory soil compaction [8], in addition to various geophysical and 
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petroleum engineering applications, such as monitoring unconsolidated reservoir sands 
[4][9][10][4][11], harmonic reservoir massaging [12][13][14] and even field seismic surveys [1].  
The first objective of this research was to develop a novel test apparatus with unique loading and 
sensing capabilities to enable a detailed experimental investigation into various aspects of fundamental 
dynamic soil behavior. Chapter 2 presents an overview of the experimental test apparatus, including 
mechanical operation capabilities, sensing configuration, and data acquisition. A frequency response 
study is also presented in Chapter 2 for various sensors to characterize amplitude and phase dispersion 
associated with a sensor’s intrinsic dynamic response.  
Monotonic and cyclic, i.e.,  < 0.2Hz, triaxial tests were performed on a saturated sand to 
investigate cyclic stress-strain and excess pore pressure response in large geometry specimens, 
benchmark the experimental test apparatus, and characterize the sand with respect to elastic 
parameters for use in computational modeling (Chapter 3). A series of dynamic triaxial tests were 
performed on the same material across the frequency band of 1-30Hz. Chapter 4 presents the analysis 
of these results with respect to stress, strain and excess pore pressure response to characterize the 
geomechanical attribute dispersion.  The final technical objective of this research was to investigate the 
ability of a surface-based, geophysical monitoring method, i.e., electric or self potential, to characterize 
excess pore water pressures generated during impulse and harmonic loading for geotechnical 
applications via measurement of the streaming potential phenomenon (Chapter 5).   
The policy research presented in Chapter 6 characterizes pathways associated with policy change 
in response to technological innovation diffusion as it pertains to the US highway infrastructure industry. 
Specifically, John Kingdon’s theoretical frame work of agenda setting is applied to the diffusion of 
Intelligent Compaction (IC) in the highway construction industry, a technological innovation that has not 
achieved universal acceptance. Kingdon’s framework is used to evaluate how technological innovation 
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diffuses in a culture that is notorious for resistance to change. Key industry players were interviewed to 
gain different socio-political perspectives and draw conclusions on technology diffusion in the US 
highway construction industry. This policy research was performed in collaboration with another PhD 
candidate, the details of my specific contributions are outlined in Chapter 6. 
1.2 Technical Research Background 
Considerable motivation for this research was provided by the Venice Lagoon Restoration Project. 
The Venice Lagoon is joined with the Adriatic Sea to the east via three inlet channels, Lido, Malamocco, 
and Chioggia, Figure 1.1 a). Storm events, originating from the Adriatic, have historically raised water 
levels in the lagoon, flooding the city. Consequently, the city has decided to construct retractable flood 
gate structures, Figure 1.1 b) and c), in each of the three inlets in order to temporarily mitigate 
floodwater levels during storm events.  
 
Figure 1.1 a) Venice lagoon,  
b)-c) schematic of proposed floodgate structures (images courtesy of Technital, Inc.) 
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The foundation construction for the gate structures involves dredging of the seabed floor and 
placement of a granular, structural fill, approximately 30 meters below the sea level, see Figure 1.1 c). A 
vibratory plate system, 3 meters in length by 3 meters in width, see Figure 1.2 a), was constructed to 
perform compaction of the saturated, structural fill. The vibratory plate rests directly on the structural 
fill (approximately 2 meters in thickness) and vibrates to perform compaction. The vibratory compaction 
system operates within the frequency range of 15-35 Hz.  
 
Figure 1.2 a) Vibratory plate with instrumentation, 
b) embedded pore water pressure transducer (images courtesy of Technital, Inc.) 
The vibratory plate was instrumented with accelerometers and eccentric mass position sensors 
located in the vibratory manifold, Figure 1.2 a). During pre-production on-shore tests to validate the 
system, pore water pressure transducers, see Figure 1.2 b), were embedded in the soil directly under 
the plate at tens of centimeters below the phreatic surface. Field tests, both on-shore and underwater, 
were performed at the Chioggia inlet on soils having D50 (median grain size) of 3.5, 5 and 20 mm and 
placed in 1.2 and 2.0 meter thick lifts. Soils were compacted using the vibratory plate, typically for 3 
minutes. Plate vibration tests were performed to investigate the influence of loading amplitude and 
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frequency on soil stiffness. A detailed analysis of experimental field data was prepared at the request of 
Technital, Inc., and is not presented here. 
The vibratory plate system consists of two components: a static and a dynamic mass, Figure 1.2 a). 
The static mass provides weight and stability, while the dynamic mass is responsible for imparting the 
vibratory load via a contact plate (3 meters by 3 meters). The contact plate was constructed with a 
distribution of holes, approximately 15% of the total contact area, in order to minimize energy losses 
associated with underwater vibration. The dynamic mass is excited via a series of eccentrically rotating 
masses housed in a central vibratory manifold. The vibratory plate system vibrates per excitation 
frequencies ranging from 10 to 35 Hz.  
1.2.1 Lumped Parameter Modeling 
In order to optimize the underwater compaction process, a novel quality assessment algorithm 
was developed by Mooney and Toohey [15] to estimate soil stiffness in real time using vibratory plate 
measurements. Both the static and dynamic masses are instrumented with two uniaxial and one triaxial 
inertial accelerometers (ST Microelectronics, Model LIS3LV02DL), Figure 1.2 a). Only the vertical 
acceleration record at the center of the contact plate was used in the numerical analysis of real time 
stiffness development. Plate instrumentation and data acquisition was performed by the Italian National 
Research Council Institute of Industrial Technologies and Automation and by the firm Advanced 
Geotechnical Instrumentation Systems and Consulting (AGISCO). Field tests of on-shore and underwater 
sand and gravel test beds verified the effectiveness of the real-time monitoring system to capture 
relative soil stiffness development. This method is currently being used during the construction phase of 
the Venice Lagoon Restoration Project. 
The vibratory plate/soil system is modeled as a three degree-of-freedom (DOF) lumped parameter 
system as shown in Figure 1.3. The 3 DOF's correspond to the vertical displacements of the static mass 
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(>(), dynamic mass (>'), and soil mass (>%). The soil requires a separate DOF to account for decoupling or 
loss of contact, see Figure 1.3 right, that can occur between the dynamic mass and the soil during 
certain modes of vibration. This model has been effectively used to model vibratory roller response [16]. 
The 3 DOF model assumes that strictly vertical, rigid body motion dominates plate vibration. The 
influence of other vibration modes such as bending, flexure, rocking, etc., were not analyzed.  
The known dynamic and static masses are represented by $' and $(, respectively. The 
parameters <( and =( reflect the elastic spring constant and viscous damping of the steel coils that 
connect the static and dynamic masses. Similarly, <' and =' represent the elastic and viscous properties 
of the soil. The excitation force :B4;5 supplied by the eccentrically rotating masses housed in the 
vibratory manifold is calculated using equation (1.1), where C and , represent the applied eccentric 
moment and input vibration frequency, respectively. 
:B4;5 = C42f,5(=gH42f,;5      (1.1) 





Figure 1.3 Schematic of 3DOF lumped parameter model 
The estimation of dynamic soil stiffness involves determination of total contact force :-4;5 applied 
by the plate system during vibratory loading. :-4;5 is calculated from the force equilibrium balance 
representing the dynamic mass DOF, equation (1.2), where >'@  represents the plate  acceleration. The 


























the static mass is assumed to be negligible and was confirmed by field data analysis. During the contact 
portion of a vibration cycle, the motion of the soil and the plate are equal, i.e., >' = >% .   
:-4;5 = :B4;5 + 4$' + $(5O − $'>'@       (1.2) 
:-4;5 = <'>' + =' >?' + $%>'@        (1.3) 
The parameters >' and >?', representing the displacement and velocity respectively, are 
determined by numerical integration of data recorded from the accelerometers that instrument the 
vibratory plate, i.e., >'@ . Acceleration records are low pass filtered using a zero-phase 10th order 
Butterworth digital filter with a cutoff frequency of 80 Hz.  
 Maximum positive >' occurs when the plate is at the bottom of a cycle of vibration, i.e., at the 
point of maximum compressive loading. Here, the velocity >?' momentarily equals zero; however, the 
involved mass of the soil ($%) is unknown. Without knowledge of $%, the elastic stiffness <' cannot 
properly be estimated using equation (1.3). Several author's have proposed estimations of the added 
soil mass $% based on a fraction of the dynamic mass $'. A thorough discussion of added soil mass can 
be found in van Susante & Mooney (2008) [16].   
Instead, a dynamic stiffness is determined using a secant methodology (see Figure 1.4). With 
knowledge of :-4;5 and >', force-displacement loops can be plotted for vibration modes involving 
continuous contact, see Figure 1.4 left, between the plate/soil system as well as cycles involving both 
contact and disconnection, see Figure 1.4 right. The dynamic stiffness is determined as the slope of the 
line between the weight of the static system, i.e., zero displacement, and the maximum displacement. 
The algorithm used for the estimation of contact force :-4;5 based on equation (1.3) is executed 
by a MATLAB script. Parametric studies were performed primarily with respect to the magnitude :-4;5, 




Figure 1.4 Secant stiffness estimation using force-displacement loops; continuous contact (left),  
with disconnection (right) 
Sensitivity analyses were performed across the operable range of frequencies (10-35 Hz) using 
several combinations of system parameters. Parameter selection was based on assumptions regarding 
soil properties, i.e. values of <' and =', as well as different mechanical configurations of the plate 
construction (<( and =() and operation (C). This algorithm has been used in real-time to monitor the 
evolution of soil stiffness during the compaction process in the course of the construction phase of the 
Venice Lagoon Restoration Project. Additional detail regarding algorithmic development and 
performance was presented at GeoCongress 2012 [15]. 
1.2.2 Lumped Parameter Modeling Limitations 
Field testing of sand and gravel beds demonstrated, however, limitations of the lumped 
parameter analysis technique. Among these, this technique does not model pore water pressure 
generation or its influence on stiffness development. To this end, the estimated stiffness based on plate 
vibration is a composite reflection of soil skeleton and pore water response. Data collected from the 
embedded pore water pressure transducers, Figure 1.2 b), show that the dynamic response of excess 
pore water pressure generation is significant, indicating the importance of considering the coupled soil-
water response.  
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1.3 Critical State Soil Mechanics 
A volume of soil is occupied by a large proportion of voids, filled with one, two or more pore 
fluids. Depending on the nature of the pore fluid, significant irreversible volumetric changes can occur 
when a soil is deformed due to changes in the soil frame, i.e., soil grain position and contact. Volumetric 
changes of a soil element induce a response in the pore fluid of different characters depending on the 
degree to which the soil frame impacts fluid movement [17]. In most geotechnical engineering 
applications, the pores are assumed to be saturated by one fluid, water.  
Critical state soil mechanics (CSSM) considers the implications of volumetric changes with respect 
to changes in effective stresses to understand soil response in the context of stress-strain behavior [17]. 
The common assumption underlying CSSM is that soils reach a critical state at which continued shearing 
occurs at a constant effective stress and a constant volume, essentially a condition of perfect plasticity. 
Central to CSSM is the realization that behavior for soils must include consideration of both stresses and 
a structural or volumetric variable. It is common to characterize a given soil in terms of effective 
confining stress () and void ratio (). In -  space, critical state forms a line (called the CSL) 
corresponding to different -  combinations. 
Stress-strain properties of soils are typically determined using a confined, uniaxial device called a 
triaxial apparatus.  Stress variable can then be chosen in a manner that takes advantage of the device’s 2 
degrees of freedom. The quantities typically measured and reported for triaxal tests are the deviator 
stress (8) and the mean effective stress (9) as shown by equations (1.4) and (1.5), respectively. Critical 
state behavior can also be visualized in a three-dimensional -8-9 space. 
8 = ' −           (1.4) 
9 = ' 4' + 25        (1.5) 
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Following Wood [17], critical states for a give soil are reached when a specimen’s stress state is 
characterized by an effective stress ratio as defined in equation (1.6) 
Rjk
Qjkl  = C         (1.6) 
Plastic yielding begins at some value 8 9⁄ < C. The research presented here (Chapter 3) clearly 
demonstrate the relevance of using 8 9⁄  as a state parameter in that it very reliably indicates the onset 
of plastic yielding and attainment of critical state (i.e., 8 9⁄ = C5. Equation (1.6) also describes a line 
referred to as the CSL. Classical CSSM theorizes that the critical state, and consequently the CSL, for a 
given soil is a unique function of initial conditions, i.e.,  and  . Several authors, however, have 
questioned the uniqueness of such a state, e.g., Mooney et al. [18],. Further, Vaid and Chern have stated 
that the critical state of a soil cannot be predicted simply with knowledge of initial conditions, but is a 
function of shear stresses as well [19]. More discussion on the uniqueness of a critical state and research 
pertaining to CSSM with respect to cyclic triaxial testing is presented in the Introduction section of 
Chapter 3. 
The CSL line delineates between two volumetric soil responses, i.e, contractive and dilative 
behavior. Contractive behavior manifests in a reduction or compression in volumetric pore space, 
whereas soil dilation results in the increase or expansion of pore space. For drained triaxial tests, the 
two behaviors are intuitively identified with respect to changes in volumetric strain (+Gcd). During 
undrained tests however, volumetric strain is theoretically equal to zero and contractive-dilative 
response is indicated by excess pore water pressure generation ("B). A soil experiencing undrained, 
contractive behavior has the tendency to compress the pore space resulting in positive "B, whereas 
undrained dilative behavior results in negative "B as a result of the soil wanting to expand. It is worth 
noting that negative "B is relative to hydrostatic or backpressure, and is not meant to be understood as 
an absolute negative pressure. 
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A dilative soil tends to expand during shearing, where interlocking particles must slide above or 
below one another. The assumption is made that this sliding resulting from shearing occurs on a plane 
inclined at an angle of dilation (D) with respect to horizontal. The angle of friction resisting sliding on the 
inclined planes at constant volume is n-% , and can be seen as a soil constant. The apparent mobilized 
friction (n ) is related to the former two parameters by equation (1.7) [17]. 
n = n-% +  D         (1.7) 
Equation (1.7) defines a clear relationship between n  and dilatancy. Wood provides an analogy 
of soil dilation in terms of the work balance on a saw-tooth sliding surface for a specimen subject to a 
simple direct shear test [17]. This relationship can be recast as in equation (1.8) to better illustrate the 
concept that strength equals friction plus dilatancy by analogy in  8-9 space, where L+QQ and L+RQ are 
the mean effective and deviatoric plastic strain increments, respectively. The analogous forms of the 
stress-dilatancy relations presented by equations (1.7) and (1.8) illustrate the fact that volume-change 




oprq = C        (1.8) 
Several author’s suggest that contractive-dilative behavior is better characterized by a critical 
state ‘zone’ having upper and lower bounds with respect to void ratio, e.g., [17][18][19]. The literature 
also discusses a potentially intermediary state referred to as ‘partially’ or ‘slightly’ contractive, e.g., 
[19][20][21]. Several of the triaxial tests performed for this research clearly demonstrate points of 
transitions between contractive and dilative behavior, under both loading and unloading sequences. 
Points of transitions are evidenced by a change from increasing to decreasing, or vice versa, in either 
+Gcd  or "B as measured during drained and undrained shearing, respectively. More discussion on 
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literature pertaining to a soil’s contractive-dilative behavior is presented in the Introduction section of 
Chapter 3.  
1.4 Poroelasticity 
Classical soil mechanics and industry design typically employ a simple elastic constitutive model. 
The traditional theory of elasticity makes use of a single constitutive model to represent soil response 
and has been widely used, for simplicity, in geotechnical engineering applications with sufficient 
accuracy [22]. However, a conglomeration of soil particles can more accurately be described as a porous 
media, consisting of a solid skeleton of connected particles or grains [22], and an internal network of 
pore space occupied by a minimum of one fluid. In geotechnical applications, unsaturated soils generally 
consist of three constituents: air, water, and soil; while, saturated soils are comprised of two: water and 
soil.  
A saturated soil’s response to a statically applied load was formally characterized in a one-
dimensional consolidation theory proposed by Terzaghi [23]. Terzaghi's theory of consolidation 
characterizes the internal stress distribution of a saturated soil under constant load as a state of total 
normal stress being a linear combination of the effective normal stress and the pore water, equation 
(1.9).    
1 = 1 + L1"        (1.9) 
where 1 is the total stress, 1 is the effective normal stress, " is the pore water pressure and  L1  is 
the Kronecker delta. 
Terzaghi's total stress relationship serves as a conceptual starting point for Biot's theory of 
poroelasticity [22]. Clearly, Terzaghi [23] identifies the importance of characterizing the macroscopic soil 
element as being comprised of two constituents, soil and water. The relationship shown in equation 
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(1.9) illustrates a distributed state of stress, but does not characterize the constitutive response, i.e. 
strain. Further, it does not capture the coupled nature of the soil-water response.  
Poromechanics is a body of physics which permits characterization of porous media comprised of 
multiple constituents by considering coupled response. Coupled response is a function of several 
factors, e.g., saturating fluid viscosity, soil permeability, loading frequency, etc. Highly coupled systems 
do not permit relative motion due to viscous coupling between the pore water and soil frame. Individual 
constituents move in-phase with one another. Systems which induce significant relative motion 
between constituents are dominated by inertial coupling and are referred to as weakly coupled 
[24][25][26][27][28][29][30].   
Poroelastic theory is a linear extension of traditional elastic theory. The physical mechanics of  
poroelastic media  are analogous to purely elastic materials [22]. The general framework and underlying 
theory of poroelasticity was first presented by the French mathematician, Maurice A. Biot. The term 
poroelasticity was first introduced by Geertsma [31] in reference to Biot's formulations [22][24][25][32]. 
The porous solid is assumed to exhibit elastic properties under ultimate equilibrium conditions [22] and 
hence usage of the term poroelasticity. A linear poroelastic constitutive model is often sufficient for a 
range of problems, e.g. seismic geophysics in rocks or biomedical applications for bones. The primary 
assumptions underlying poroelasticity are that the media is homogenous, isotropic and linear elastic 
with respect to the solid deformation [24]. Geotechnical applications, in particular, often require model 
extension to include non-linear, poro- elasto-plastic behavior [33][34][35][36][37], or for example, 
Mixture Theory [38][37]. An brief overview of Mixture Theory is provided in the next section. 
Motivated by the process of soil consolidation, Biot [22] developed a generalized three-
dimensional theory which serves as the basis for concepts and theory of poroelasticity. Biot's 
consolidation theory [22] establishes the constitutive equations that relate the coupled, stress-strain 
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behavior of a porous media under steady-state equilibrium, as well as analyzing the transient, yet quasi-
static, process of consolidation. Biot extends traditional elastic theory by including an additional state 
variable for describing stress-strain behavior of the pore water [22][24][25][32]. The seven poroelastic 
variables, i.e. strain, defined by their constitutively related independent counterparts, i.e., stress, are as 
follows:    
Strain Variables:    ex   ey  ez  γx  γy  γz  b 
Stress Variables:    σx  σy  σz  τx  τy  τz  s 
where strain is defined in terms of the absolute soil and water displacements, " and , #, respectively. 
The strain associated with the pore water is denoted by b and is defined by a volumetric dilatation, b =
stu
sv + stwsx + stwsy . The quantity s is the effective increment of pressure and is defined as the actual pore 
water pressure scaled by the soil's porosity, H = −[9J where [ is the porosity and 9J is the pore water 
pressure.   
In a second publication [24], Biot demonstrates the equivalence of the poroelastic constitutive 
relationship to Lamé's form of Hooke's law. The potential strain energy per unit volume, ^, used in this 
derivation is given in equation (1.10). 
2^ = vv + xx + yy + zv{v + zx{x + zy{y + Hb         (1.10) 
Stress field expressions are formed as partial derivatives of equation with respect to the various strain 
components, equation (1.11). 
                       v = 2Vv + W + Eb     
         x = 2Vx + W + Eb        
 y = 2Vx + W + Eb       (1.11) 
 zv = V{v       
zx = V{.       
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zy = V{y       
H = Q + Xb       
Biot demonstrates that four physical constants are sufficient to characterize the behavior of a 
poroelastic system. In this form, Biot notes that the coefficients N and A correspond to Lamé's 
coefficients, i.e., shear modulus _ and λ, respectively. The coefficient X represents a measure of 
pressure required to alter the volumetric water content of the porous media at constant volume. The 
coefficient E is said to characterize the constitutive coupling of induced volumetric changes between 
the two constituents. In this formulation, the coupled soil-pore water relationship is demonstrated, 
equation (1.12), by equating the excess pore water pressure to zero in the final expression of equation 
(1.11)[24]. 
b = −  }B~          (1.12) 
Biot recasts the constitutive relations to better formulate them into a more comprehensible and 
general theory with respect to the "linear mechanics of fluid-saturated media" [32]. A potential strain 
energy relationship, equation (1.13,) is developed using the first (linear, I') and second (quadratic, I() 
invariants of the soil skeleton stress state as well as the volumetric increment of water, . 
2^ = Y + _I( − 2Z + C(      (1.13) 
where 
I' =  = v + x + y 
I( = 4I( = 4vx + 4vy + 4xy + {v( + {x( + {y( 
and  is represents the volumetric water content and is defined as 
 = [ ∇ ∙ 4" − #5 
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As before, stress field expressions are formed as partial derivatives of potential strain energy, equations 
(1.14) and (1.15) [32].    
1 = 2_1 + L14S + /(C5       (1.14) 
9J = −Z + C        (1.15) 
where 
Y = S + /(C + 2_        (1.16) 
Z = /C         (1.17) 
As seen by equation (1.17), the constants C and M are directly proportional with respect to an / 
parameter, commonly referred to as the Biot-Willis coefficient [39]. 
These poroelastic constants, Y , Z, and C, have the advantage that they can be written in terms 
of the physical bulk moduli associated with the soil element, i.e., bulk moduli of the soil skeleton, 0JN, 
the pore fluid, 0J, and the soil grains, 0% [32][40][41]. Stoll's presentation of these definitions is given in 
equation (1.18) 
Y = k   + 0JN +         
 Z = kk           (1.18) 
C = k          
where   = 0JN 1 + [  k '. 
Biot extends linear poroelastic theory to dynamic loading conditions by considering the 
propagation of elastic waves through a porous solid saturated by a viscous fluid for both low and high 
frequency ranges [24][25]. The terms Iow and high referencing states of parameter frequency 
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dependence or lack thereof. They are left qualitative for now and will be discussed in more detail below. 
It is worth mentioning that the research presented in this dissertation falls well within the low frequency 
limit. Discussion in the context of Biot’s high frequency limit will therefore be limited. As will be shown, 
experimental results in the low frequency range indicate attenuation, or energy dissipation, mechanisms 
that are not captured by Biot’s formulation (Chapter 4). 
The coupled response of the soil skeleton and pore water constituents during dynamic loading is 
governed primarily by viscous and inertial mechanisms [24][25][27]. Equations (1.19) and (1.20) present 
Biot’s original linear formulation for elastic wave propagation in a porous media [24], within the low 
frequency limit. The right hand side of these equations encapsulate inertial and viscous coupling 
mechanisms, and are described in the following two sections. 
V∇(" + ∇4W + V5 + Eb = ss. 4&''" + &'(#5 +  ss. 4" − #5  (1.19) 
∇E + Xb = ss. 4&'(" + &((#5 −  ss. 4" − #5    (1.20) 
Coupling here is independent of frequency. The relative influence of the various coupling mechanisms 
becomes frequency-dependent with in the higher range [24][25][40][27][28][26][42]. Frequency-
dependent behavior will be discussed at the end of the following section. 
1.4.1 Inertial Coupling 
 Inertial effects in a fluid-saturated media result from the supplementary force induced on the 
fluid due to the motion of the solid. Inertial coupling may be defined as the fluid's resistance to motion 
as the solid mass is being accelerated through it [28]. Inertial coupling is independent of viscous effects 
and depends on rather the differing constituent mass densities, the volumetric distribution, e.g., 
porosity, of the soil and water phases [24][25], as well as the geometric configuration of the pore space, 
e.g., tortuosity [25][28][43].  
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Individual constituent masses are determined using conventional volumetric averaging of the total 
mass density, &, in equation (1.21). The terms &' and &(, equations (1.22) and (1.23), represent the 
aggregated soil skeleton and fluid densities, respectively. 
& = [&J + 41 − [5&%        (1.21) 
&' = 41 − [5&%         (1.22) 
&( = [&J         (1.23) 
where, &J, and &% represent the densities of the bulk element, the pore fluid and the solid grains, 
respectively. 
To characterize the effects of inertial coupling, Biot [24] introduced the concept of apparent mass, 
&*. The apparent mass manifests mathematically in Biot's equations of motion as the mass coupling 
parameter &'(, having a magnitude equal to the opposite of &*, equation (1.24). The force associated 
with mass coupling is applied in an equal fashion to both the solid and fluid constituents in equations of 
motion equation (1.25) and (1.26). Biot notes that due to the apparent mass associated inertial coupling, 
it is rather the solid and fluid effective masses, i.e., &'' and &((, that govern response.  
&'( = −&*         (1.24) 
&'' = &' + &*         (1.25) 
&(( = &( + &*         (1.26) 
If coupling is high in comparison with inertial forces, pore space geometry plays an insignificant 
role in development of apparent mass. A structural parameter, in terms tortuosity, , equation (1.27) 
should be considered when applying the effects of apparent mass where significant relative motion 
occurs. Various alternative forms of structural parameters have been suggested in the literature 
[32][28][43]. 
&* = 4z − 15[&J        (1.27) 
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1.4.2 Viscous Coupling 
Viscous coupling is implemented in equations (1.19) and (1.20) by the parameter  , equation 
(1.28) via a relative velocity term in [24]. 
 = A[( <         (1.28) 
where, A is absolute viscosity, [ is porosity and < is Darcy's coefficient of permeability. The addition of 
viscous dissipation to the governing equations stems from the derivation of Darcy's law and physically 
indicates a viscous resistance to flow [40]. This term essentially represents the frictional force exerted by 
the fluid on the solid, in the direction of solid movement [25]. Because this imparts a reactionary force 
pair on the solid and fluid constituents, the signs of the viscous terms in equations (1.19) and (1.20) are 
opposite in sign [32].  
 An elastic formulation of poromechanics assumes that viscous losses are associated with a 
global fluid flow [41]. Other dissipative mechanisms include local energy losses associated with relative 
fluid motion near soil grain contact points at the microscopic scale, soil grain boundary friction, and a 
structural viscosity of the soil skeleton [32][40][41]. Biot suggests a poro-viscoelastic formulation for 
cases where energy dissipation does not result solely from macroscopic fluid flow [32][41]. The details of 
Biot's poro-viscoelastic formulation [32] are not be discussed here.  
1.4.3 Frequency Dependent Behavior 
A frequency domain analysis is particularly suited for modeling vibratory compaction of the 
saturated soils. A harmonic time dependence of the form  . is assumed for the mechanical input, 
where \ = √−1 denotes a pure imaginary number, ) represents the angular frequency of excitation, 
and ; is time. The governing equations of Biot's poroelasticity in the frequency domain are presented in 
equations (1.29) through (1.32) [44][45][46]. Equations (1.29) through (1.32) essentially represent 
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Hooke’s Law, one of Biot’s classical constitutive equations of poroelasticity, Newton’s Law and Darcy’s 
Law, respectively  [47]. 
1 = 4Y − 2A5∇ ∙ " + /C∇ ∙ ]δ + A∇" + ∇"    (1.29) 
−9 = /C∇ ∙ " + C∇ ∙ ]       (1.30) 
∇ ∙ 1 = ω(4&" + &J]5       (1.31) 
−∇9 = )(    ¡45 ] + &J"¢       (1.32) 
Rather than formulated in terms both absolute soil and water displacements, equations (1.29) 
through (1.32) characterize the system with respect to the absolute soil displacement, ", and the 
relative soil-water displacement, ]. The relative soil-water displacement is defined as ] = [4" − #5, 
where #  is the absolute water displacement, e.g., [32][40][44][45].   
Biot discusses poroelastic response characterized by both a transition and a characteristic 
frequency, ,. and ,-, respectively [24]. Inconsistent terminology and notation identifying these 
frequencies in the literature has led to some confusion. The frequency ,. governs transition behavior 
between Poiseuille, i.e. laminar, and the transition into turbulent pore water flow. The frequency ,-  
delineates between inertial and viscous laminar flow regimes, e.g.,  [24][42][28][45].  
Biot's high and low frequency ranges are delineated by ,. as defined by equation (1.33). The 
dynamic response within the low frequency range are based on the assumption that water flow in the 
pores is of the Poiseuille type, being viscous laminar and incompressible [24].  
,. = £ ¤         (1.33) 
where ¥ = A/&J is the kinematic viscosity, A is the absolute viscosity, &J is the fluid density and U is the 
pore diameter.  
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The frequency ,- delineates response with respect to viscous and inertial coupling mechanisms 
within the high frequency range.  Above ,- weak coupling due to inertial resistance produces relative 
motion between soil and water. It is worth noting that relative motion occurs above and below ,- and 
does not delineate between one- and two-constituent response. Dutta (1979) presents a generalized 
expression of Biot's  ,- as shown by equation (1.34) [48][24], where H is a structural factor (e.g., 
tortuosity) related to pore space geometry. As previously mentioned, several authors suggest different 
approximation to account for the impact of pore space geometry on inertial coupling [32][42][28]. 
Frequency-dependent viscosity is expressed by equation (1.35), where :4§5 is a complex function of 
frequency. Dutta states that for frequencies on the order of ,- 8⁄  a dynamic viscosity function is 





ª         (1.34) 
A = A:4§5         (1.35) 
 Viscous coupling plays the most influential role in the frequency-dependent response of a 
porous media at low frequencies [27][28][26]. Viscous coupling may be a constant at low frequency (i.e., 
, ≪ ,-) corresponding to a given hydraulic permeability, while high frequencies (i.e., , < ,- ) can induce 
frequency-dependent viscous coupling [24][27] and in addition to frequency-dependent permeability  
[42][49][50]. 
Karpfinger (2009) presents the same characteristic frequency, )., in the frequency domain in 





ª         (1.36) 
<4)5 =  ¡­'® ¯¯°
±
²® ¯¯°
       (1.37) 
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where  z is tortuosity, a geometric parameter akin to Dutta's (1979) H parameter, and $ is an additional 
structural factor relevant to dynamic permeability.  
A significant body of poromechanical research has focused on strictly poroelastic analysis based 
on Biot's theory, assuming small strains [37]. Small-strain poroelastic analysis is particularly appropriate 
for fluid-saturated rocks. It is generally sufficient to assume that the small strain response of the rock 
skeleton or frame is elastic. In the geotechnical engineering community, several authors have extended 
Biot’s theory for numerical simulation to more appropriately capture inherently non-linear behavior 
exhibited by soils for seismologic applications, typically <10Hz [33][34][36][37]. Experimental validation 
of numerical modeling often comes by the way of centrifuge experiments, and can be questionable due 
to the nature of scaling.  
1.5 Mixture Theory 
Regueiro and Ebrahimi implement a numerical formulation, named Tahoe, based on the 
underlying concepts of Mixture Theory [37]. Preliminary computational modeling of the experimental 
results presented in this dissertation has been performed as part of this research. Although 
computational modeling has become beyond the scope of this dissertation, it is hoped that the 
experimental research presented in what follows will ultimately serve to validate this particular model. 
Modeling research is ongoing and being performed in collaboration with Professor Rich Regueiro and 
PhD candidate Farhad Shahabi at the University of Colorado, Boulder, Colorado. 
Mixture theory formulates a theory of porous media assuming the principles of continuum 
mechanics. Field equations are derived by applying the balance of mass and linear momentum to the 
mixture continuum. Mixture theory assumes the porous media to be comprised of two continuous, 
superposed constituents, i.e., a porous solid skeleton saturated with a pore fluid. Constituents move 
with different kinematics, mechanically interacting to influence one another’s behavior. Continuity 
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assumes a mixture can be characterized by a representative elementary volume (REV), which is relevant 
to macroscopic scale physics, e.g., pore fluid flow. Mixture theory employs the concept of volume 
fraction for the solid-fluid mixture REV. Constituents are, however, smeared throughout the volume and 
assumed to coexist at a given position in the current configuration. Typically, solid constituents are 
presumed incompressible and the distribution of porosity is homogeneous. Additional details regarding 
a rigorous development of poromechanical theory based on mixture theory continuum mechanics are 
presented in Coussy (2004) [38][37]. 
Tahoe is an open source C++ finite element poromechanical code developed by Sandia National 
Laboratories. Tahoe’s implementation is based on the poromechanical concepts underlying mixture 
theory. Tahoe was not originally intended for elasto-plastic soil's application, but is general enough to 
incorporate any inelastic (e.g., plastic or viscoelastic), finite strain constitutive model to govern solid 
phase behavior. Regueiro and Ebrahimi ([37], 2010) have enhanced Tahoe’s poromechanical capabilities 
by implementation of a non-associative Drucker-Prager cap plasticity model to evaluate the 
development, if any, of finite strain during experimental triaxial testing. Regueiro and Ebrahimi [37] 
published a comparison of numerical simulation results with closed-form analytical solutions under 
quasi-static, e.g., consolidation, and dynamic loading using an implicit, three-dimensional FEA code 
named Tahoe. Greater detail regarding specifics of both the mixture theory and the Drucker-Prager 
plasticity constitutive model implementation, as well as Tahoe’s numerical time integration scheme, are 
presented by Regueiro (2010) [37]. To date, Tahoe's capabilities for characterizing either the quasi-static 
or dynamic poromechanical response for soils have not been validated experimentally.  
1.6 Streaming Potential 
Electric potential (EP) is a non-invasive, passive geophysical method that can be used to monitor 
in-situ, pore fluid pressure changes within a porous media by measuring fluid-flow induced voltage 
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variations on the Earth’s surface, e.g., [51][52][53][54][55][56], etc.. This phenomenon is produced via 
an electrokinetic coupling effect and, in the case of a continuous porous media, is referred to as 
streaming potential (SP) [57]. Understanding the relationship of electrical fields measured at the ground 
surface with pore pressure gradients and fluid flow has broad implications for several scientific and 
engineering communities. 
The SP phenomena results from a naturally occurring charge counter-balance in response to the 
drag of ions in the diffuse component of the electrical double-layer, commonly referred to in discussions 
on saturated, porous media [57]. When a soil or rock is saturated, mineral grains become negatively 
charged. This fixed charge is balanced by free charges present in the water phase. Known as the Stern 
Layer, cations once bound remain relatively immobile with respect to the mineral grain surface. Outside 
the Stern layer, there is layer of cations that is electrically attracted to the mineral surface, but remain 
mobile, known as the Diffuse Layer. The Stern and Diffuse layer comprise the mineral grain’s electrical-
double layer.  
Bulk pore water flow mobilizes the free charges in the Diffuse layer resulting in a net streaming 
current density [54]. This drag convection current is equilibrated by a conduction current to conserve 
electrical charge [53]. Conduction currents produce electric potentials, the associated fields of which 
may be monitored from the surface.  Monitoring streaming potentials consequently has great potential 
to perform time-lapse monitoring of pore water pressure generation and flow. An overview of the 
theoretical foundation of streaming potential is presented in Chapter 5. 
Current research on EP application for characterizing pore water flow or pressure generation has 
focused primarily identification of the electrical anomaly associated with streaming potential 
[53][58][59]. Crepsy et al. [54] performed laboratory experiments on a sandbox test bed. EP 
measurements were recorded following both water injection and pumping events. Injection or pumping 
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events were localized and performed as an 'impulse' to the sand layer. The EP results clearly 
demonstrate a temporal response or decay, presumed to be associated with pore water pressure 
generation and dissipation, via pore water flow away from the point source location. EP measurements 
were not coupled with mechanical measurement of pore water pressure for this study. 
The experimental research performed for this dissertation offers a unique opportunity to couple 
laboratory testing which employs mechanical measurements, pore water pressure, with geophysical 
measurement methods, electric potential (EP), in particular with respect to dynamic loading. 
Characterization of the pore water pressure response during dynamic loading is a critical component of 
any poromechanical analysis. Electrical fields generated by subsurface pore water flow or pressure 
generation can be measured at the surface, eliminating the need for embedded, in-situ measurement 
capabilities such as the pore pressure transducers used at the Chioggia field site [53].   
1.7 Dynamic Testing of Saturated Soils for Geotechnical Applications 
It is worth briefly discussing the current practice of experimental geotechnical soils testing with 
respect to dynamic or cyclic evaluation. Industry practice uses a very small number of cyclic tests for 
typical geotechnical design or seismic analysis.  Often times, seismic analysis is performed using a 
centrifuge to induce very high states of stress by scaling acceleration.  
There are three basic types of non-scaled cyclic techniques: cyclic triaxial, cyclic simple shear and 
cyclic torsional shear, i.e. resonant column [60]. Each type of testing device is limited by either their 
operable frequency range or strain capacity [61]. Cyclic triaxial testing of liquefiable soils is typically 
performed at frequencies less than or equal to 2 Hz [20][62]. Another example of a cyclic triaxial test 
used in highway construction is the resilient modulus tests. Resilient modulus tests are performed by 
cycling a deviatoric load for frequencies on the order 5 Hz.   
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 Gookin et al. [61] developed a cyclic triaxial apparatus having capable of both cycling over both 
a broad range of frequencies and strains. The triaxial device developed incorporated bender elements, 
internal proximity transducers, internal LVDTs and LDTs, as well as sensitive internal load cells. Shear 
wave velocities were measured via the bender elements. The apparatus is capable of operating up to 20 
Hz and potentially higher frequencies.  
 Resonant column tests have also been used to obtain shear and elastic moduli, e.g., [43]. 
Resonant column testing is also used to assess intrinsic soil damping. Traditional resonant column 
testing in torsion is performed over frequencies ranging from 30 to 150 Hz. 
   Seismic analyses often makes use a centrifuge to simulate in-situ stress states. Centrifuge testing 
scales ‘vertical’ acceleration values enabling simulation of a wide range of in-situ stress states. Other 
parameters, such as the pore fluid viscosity also are necessarily scaled. However, potentially negative 






EXPERIMENTAL TEST APPARATUS AND FREQUENCY RESPONSE CHARACTERIZATION 
2.1 Introduction 
This chapter presents a description of the experimental test apparatus designed and used for this 
research. This system has unique sensing capabilities for measuring in-situ pore water pressure. The 
operable range of the system is approximately 0-100 Hz. Standard geotechnical engineering test devices 
capable of dynamic tests typically operate at low frequencies, e.g., <10Hz. A custom-built triaxial cell 
offers the ability to test specimens up to 229mm (9in) in diameter and 457mm (18in) in height. Standard 
triaxial test cells usually do not accommodate specimens having diameters greater than 114mm (4.5 in). 
2.2 Experimental Test Apparatus 
The experimental test apparatus developed here (see Figure 2.1) essentially consists of a large 
diameter triaxial cell, extensive instrumentation, National Instruments (NI) analogue-to-digital (AD) 
converter, LabView data acquisition program, an MTS servo-hydraulic load frame, and an MTS controller 
(also used for data acquisition and signal control). Approximate sensor locations are indicated in Figure 
2.1. Force is measured via a load cell mounted to the bottom of the load frames actuator piston. 
Displacement is measure at 3 locations by linear-variable displacement transducers, labeled LVDT-1, 
LVDT-2 and LVDT-3. The measurements recorded from LVDT-3 are not used in any analysis due to 
expected losses resulting from system compliance. LVDT-1 and LVDT-2 mount directly to the specimen’s 
upper platen, enabling the most direct measurement of vertical displacement. The cell is filled with 
water and a confining pressure is applied through the top using compressed air. (Note: The chamber is 
only partially filled with water as shown in Figure 2.1) 
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Water pressure is measured at 5 locations by pore water pressure transducers, labeled PWP. 
Three PWPs are embedded in the specimen for direct pore pressure measurement (referred to as PWP-
1, PWP-2, and PWP-3). Two PWPs are plumbed in line with the upper and lower specimen platens 
(referred to as PWP-4 and PWP-5). PWP-4 and PWP-5 measurements are representative of in-situ pore 
pressures and comparable to the embedded transducers for quasi-static testing only. Due to the 
influence of boundary conditions and their specific plumbing outside of the specimen, the pressures 
measured by PWP-4 and PWP-5 are in admissible for analysis of dynamic tests. Figure 2.2 presents a 
schematic of the test apparatus, including sensor configuration and plumbing. 
2.2.1 Custom-Built Triaxial Cell 
A custom triaxial cell was designed and built to accommodate specimens with large diameters. 
The cell has interchangeable platens to allow testing of 152mm (6in) and 227mm (9in) diameter 
specimens, typically having height-to-diameter ratios of 2:1 (see Figure 2.3). Anodized aluminum platens 
are used to position and load a specimen. Latex membranes having thicknesses of 0.5mm (0.02in) and 
1.3mm (0.05in) are used to confine the 152mm and 227mm specimens, respectively. O-rings positioned 
around the upper and lower platens hold membranes in place, effectively isolating the specimen from 
the cell environment. Cell confinement is provided by a 25.4mm (1in) thick acrylic chamber. The acrylic 
chamber is assembled to the base and lid along o-ring channels, and fixed in place by three 25.4mm 
(1in) tie rods. The cell is filled with water through a port in the base. Cell pressure is achieved through 
the lid by application of compressed air. 
The membrane and O-rings positioned on the upper and lower platens isolate the specimen 
environment from the fluid in the surrounding chamber. This allows for independent control of the cell 

















Figure 2.2 Schematic of Experimental Test Apparatus 
Pore fluid pressure control is necessary during both saturation and back pressure saturation. 
Upper and lower platens are plumbed via 3.2mm (0.125in) tubing to the exterior of the cell each at two 
ports, respectively. During saturation a vacuum (approximately -10kPa) is applied to the specimen at 
one of the ports plumbed to the upper platen via an externally driven vacuum pump. The specimen is 
saturated from an external reservoir containing de-aired water via both ports plumbed to the bottom 
platen. Because the cell uses water as the primary confining fluid, all transducers and electronics 
internal to the cell were required to be water proof. A specialized submersible electronics manifold was 
designed for such a purpose. Inside the cell, all sensors were fashioned with water tight Lemo 
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connectors. Electronics were then ported to the exterior of the cell by Amphenol connectors (Figure 
2.4). 
 
Figure 2.3 Large diameter triaxial cell and components 
 
 
Figure 2.4 Specialized submersible electronics manifold. 
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2.2.2 Pore Water Pressure (PWP) Transducers  
Three different makes and models of pressure transducers were used to perform the experiments 
presented in Chapters 3, 4 and 5.  All pressure sensors came with a manufacturer’s specified calibration. 
However, an in-house calibration was performed for each sensor, collectively for a given make-model on 
separate occasions. Sensors were calibrated using an Ashcroft pressure calibration device. 
For the triaxial cell experiments, two pressure transducers were plumbed outside of the specimen 
inline via 1/8 in tubing with the upper and lower platens. The transducers were manufactured by Kulite 
Semiconductor, model ETM-300-375-250SG. The sensors have a rated pressure of approximately 
1700kPa (250psi) sealed gauge (SG), and a manufacturer sensitivity of approximately 19.4 mV/PSI SG. 
Based on the 16-bit AD converter, these sensors have a bit-resolution of approximately 0.03kPa (0.004 
psi). Data from these sensors was acquired using the NI data acquisition system described in the 
following section. These sensors were not used during dynamic analysis due to issues arising from 
boundary conditions, plumbing, etc. The two inline transducers were configured similarly during the 
frequency response testing detailed in section 2.3.1, where all transducers were only subject to a water 
column vibration. Issues related to dynamic loading with respect to the exterior plumbing were similarly 
observed during frequency response testing. 
These sensors were used for comparison during quasi-static testing with embedded transducers. 
Both inline and embedded transducers provided comparable response during quasi-static testing, 
indicating that separate in-house calibrations under quasi-static loading conditions are accurate. The 
actual data from these transducers, however, was not used in actual analysis of quasi-static test data.  It 
is worth noting that in typical geotechnical triaxial testing sensors plumbed outside of the specimen to 
the upper and lower platens are the sole measures of induced excess pore water pressure. This research 
clearly demonstrates the need to have physical sensors embedded in the specimen for accurate pore 
water pressure measurement during dynamic loading. 
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Five pore pressure transducers capable of being embedded in a specimen or test bed are 
manufactured by Keller, series 2Mie. The 2Mie sensors have a rated pressure of 10 bar/1000kPa/150 psi 
and a manufacturer sensitivity of approximately 20 mV/bar. Based on the 16-bit AD converter, these 
sensors have a bit-resolution of approximately 0.01kPa (0.002psi). The 2Mie transducers use a silicon, 
piezoresistive chip mounted within a cavity of the main housing to measure pressure.  
To eliminate the influence of an effective stress component acting on the measuring element by 
the soil, a porous filter is placed ahead of the diaphragm in the cavity. Porous stones are 4mm in 
diameter and 4.2mm in height. For this research, a ceramic porous filter having a saturated permeability 
or 3.1 x 10-5 cm/sec was used. The effects of the filters permeability are taken into consideration by 
including them during the frequency response testing presented in section 2.3.1. An O-ring seal and 
threaded cap prevents ingress of soil particles around the porous filter into the housing cavity. Because 
this configuration creates a cavity between the porous filter and the diaphragm, it is important to note 
that prior to operation the sensor are saturated with de-aired water under vacuum to ensure that no 
entrapped air impacts the measurement accuracy. The Keller sensors were also used in part of the 
experimentation presented in Chapter 5 (i.e, outside a triaxial cell environment). 
The third set of five pore pressure transducers capable of embedment were also manufactured by 
Kulite Semiconductor, Model XCL-11-250-150SG. The XCL sensors have a rated pressure of 
approximately 1000kPa (150psi) sealed gauge (SG), and a manufacturer sensitivity of approximately 0.8-
0.9 mV/PSI SG for a given sensor. Based on the 16-bit AD converter, these sensors have a bit-resolution 
of approximately 0.01kPa (0.001 psi). Data from these sensors was acquired using the NI data 
acquisition system described in the following section.  
Both the Kulite XCL and Keller 2Mie sensors proved to be delicate from a physical operation 
standpoint. The XCL sensors were purchased prior to the Keller 2Mie sensors, and both were outfitted 
34 
 
with supposedly submersible Lemo connectors. The intention was that both sensors models would be 
acquired through the electronics manifold built in to the base of the triaxial cell. The XCL transducers 
were successfully used in several experiments as presented in Chapter 5, where the test configuration 
did not require submersible connections (i.e., a sandbox with no confining cell).  For unknown reasons, 
two XCL sensors were damaged during the tests presented in Chapter 5. The remaining three sensors 
were damaged during initial triaxial testing as the submersible Lemo connectors proved not to function, 
allowing water to short the electronics. XCL sensors were all damaged prior to having the ability to 
perform a frequency response characterization, such as that performed on the 2Mie transducers (see 
section 2.3.1). Three of the five Keller 2Mie sensors were also damaged beyond repair due to the frailty 
of their electronics during the course of this research. 
2.2.3 National Instruments and LabView Data Acquisition: NI USB-6211 
The NI USB-6211 data acquisition device has 16 channels. Analogue inputs can be configured as 
either 8 differential pairs or 16, referenced or non-referenced, single ended channels. Referenced single 
ended (RSE) channels should be to either the AI GND, AO GND, or D GND channels, all of which are 
internally connected. The device has a 16-bit analogue-to-digital converter, with a maximum sampling 
rate of 250 kS/s single channel and 250 kS/s multichannel. Input voltage can be specified into 4 ranges 





The USB-6211 has 2 analogue output channels with a 16 bit digital-to-analogue conversion. The 
maximum update rate is equivalent to the maximum analogue input sampling rate, i.e., 250 kS/s. The 
35 
 
device’s output range is ±10V. The device is also equipped with a fixed, maximum +5V channel that can 
be used as a power supply (if appropriate for a given sensor). 
2.2.4 Linear Variable Displacement Transducers (LVDT) 
Two LVDTs are mounted at 180 degrees with respect to one another to horizontal flaps that 
connect to the upper platen to measure vertical displacement. The LVDTs were manufactured by RDP 
Electrosense, model ACW100A. Each LVDT had a full scale linear range of approximately +/- 25 mm (0.98 
in) with a manufacturer rated sensitivity of 33.29 mV/V/mm.  Factory calibration provided an 
uncertainty within 13 microns, at a 95% level of confidence. LVDT data was acquired using the MTS 
controller (see next section). The MTS controller was configured to use a digital Bessel filter with a 50Hz 
cutoff frequency to condition the signals. Accounting for bit and noise resolution, the LVDTs have a 
resolution of approximately 0.01mm. 
2.2.5 MTS Load Frame Instrumentation and Controller Data Acquisition  
The quasi-static and dynamic experimental testing performed in this study employed a floor-
standing model MTS Landmark 370.10 load frame (see Figure 2.1). This system employs a crosshead, 
top-mounted servo-hydraulic actuator with a nominal force capacity of 50kN (11kip) and a nominal 
displacement stroke of approximately 100mm (4in). Force is measured using an MTS load cell Model 
661.20F-02. Vertical displacement of the actuator is recorded by an MTS LVDT Model 39-075-103. The 
working frequency range of the servo-hydraulic valve, according to MTS, was configured to 
accommodate dynamic loading schedules between 0 – 100Hz. In this study, tests above 70Hz were not 
attempted. 
The MTS servo-hydraulic test system is controlled by the MTS FlexTest Model 40 Controller. This 
system proves a real-time, closed feedback control loop, in addition to providing internal and external 
transducer signal acquisition and conditioning and built-in function generation capabilities to drive a 
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variety of servo-actuator excitation test protocols. The FlexTest40 has a 16-bit analogue-to-digital 
converter. The controller was configured to condition the MTS load cell and LVDT signals using a digital 
Bessel filter with a cutoff frequency of 350Hz. The resolution for the MTS actuator’s load cell and LVDT 
are approximately 1N and 0.01mm, respectively. Resolution for the load cell and LVDT were determined 
during calibrations performed on-site by MTS technicians per ASTM E4-13 and ASTME2309. 
Servo control is achieved via a PID forward control loop implemented by the FlexTest40. Specific 
testing control loops, however, were tuned manually (i.e., by the author) in either displacement or force 
control, depending on the testing application. The purpose of tuning the test system is to ensure that 
the servo feedback control loop accurately responds to the command signal. The feedback control loop 
essentially consists of three elements: the command, the feedback, and the error (Figure 2.5). 
Tuning is meant to minimize system error with respect to command and feedback signals. The 
error controls the working aperture of the servo-valve. System tuning in displacement control is material 
independent. System tuning in force control is material dependent, e.g., the system feedback response 
with respect to the prescribed target set points and appropriate overshoot control for a rigid, steel 
specimen in comparison with a compliant, soil specimen differ significantly. Tuning is performed by a 
combination of system electrical adjustments to the servo-valve balance, in addition to various gains 
applied to the feedback response using the FlexTest40 software application. During testing, dynamic 
control loops were refined using a FlexTest40 built-in, optimization functionality called Peak Valley 
Control (PVC). The PVC command was recommended by MTS to ensure optimal feedback control during 
dynamic testing applications, although the specific details of this application are beyond the scope of 
the author’s expertise. 
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The load frame stiffness is rated at approximately 467 MN/m. However, since all displacement 
measurements were obtained from LVDTs mounted directly to specimens, no correction to data was 
required to accommodate load frame compliance. 
 
Figure 2.5 Schematic of PID tuning 
reference: MTS Series 793 Tuning and Calibration, 100-147-134 E 
Load cell data required several corrections. Load cell readings were corrected appropriately for 
piston uplift (due to applied cell confining stress), piston weight, piston friction, and buoyant weights of 
upper platen and porous stone.  Piston uplift and piston weight are corrected for by zeroing the initial 
offset of the data prior to initiating a loading schedule. Piston friction was determined by acquiring data 
while simulating piston movement experienced during both quasi-static and dynamic modes of 
operation through the sealed bearing channel of the triaxial cell’s top without a specimen. Platen and 
porous stone buoyant weights were calculated by subtracting the weight of the volume of displaced 
water from the dry platen and porous stone weights. Load cell data was then corrected for these values. 
2.3 Frequency Response Characterization 
Due to the nature of dynamic testing, it is particularly important to characterize the frequency 
response of various sensors to correct recorded measurements. Depending on a sensor’s characteristics, 
a transducer may transmit a signal that has been significantly altered from the true measurement. 
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Frequency response manifests in both a distortion of amplitude and phase delay. A frequency response 
study was performed for both the PWPs and LVDTs used for measurement during dynamic testing.  
Although these transducers operate in very different ways, the physics that govern their 
frequency response is presumed to be identical. Both transducers are assumed to be single-degree-of 
freedom spring-mass-damper systems. They are single degree because only one ‘coordinate’ of motion 
is required to completely define their output. Forces acting on the sensors’ mass result from the spring, 
damping, and the external excitation force. Transducers of this type are referred to as second-order 
systems. Mathematically, the equilibrium balance of these forces can be represented by Newton’s Law 
as shown by equation (2.1) [64]. 
:K=gH4];5 − <H − H? = $H@        (2.1) 
where :K=gH4];5 represents a harmonic excitation force, < represents the system’s spring constant,  
represents the system’s damping, $ is mass, H and its derivatives represent displacement, velocity and 
acceleration, respectively. (Note: Beckwith et al. include a dimensionless constant O-  in the force 
balance equation to account for force units, but is omitted here for simplicity [1]). 
2.3.1 PWP Frequency Response 
A series of dynamic tests were performed on the 2Mi PWP sensors in de-aired water to 
characterize the transducers frequency response. A test chamber designed and built by researchers at 
University of California (UC) at Davis was used vibrate a 10cm (2in) in column of water (see Figure 2.6).  
The chamber is sealed at the top and bottom by compression using a latex membrane as a gasket. 
Prior to assembly, the PWP sensor are fed through the bottom plate to approximately flush with the 
inner bottom surface. This position fixes the sensors to face vertically in the direction of the applied 
load. The transducer electronics are ported through the bottom plate via compression fittings as shown 




Figure 2.6 Frequency response test chamber (chamber provided courtesy of UC Davis) 
 
Figure 2.7 Sensor electronics ported via compression fittings 
The PWP transducers are saturated under vacuum, being similar to the conditions of saturation 
during soil testing.  As previously mentioned, saturation under vacuum ensures that the cavity between 
porous filter and diaphragm becomes saturated by water, otherwise an entrapped air pocket severely 
impacts the sensor response. The chamber is inverted and filled entirely with de-aired water. The 
sensors are already mounted in place to the bottom plate during saturation under vacuum.  Upon 
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saturation, the bottom plate (with mounted sensors) is immediately secured to the test chamber. De-
aired water is circulated through two ports (Figure 2.7) on the bottom plate to ensure that no air has 
been trapped in the chamber during assembly. The transparency of the membrane enables 
determination as to whether the chamber was fully de-aired or not. The chamber is mounted to two c-
channel brackets (Figure 2.6) that are fixed to the load frame. The load frame actuator is then able to 
apply the desired excitation load and frequency using a 84.5mm platen through direct contact with the 
latex membrane.  
Prior to tests with the chamber filled with water, the chamber was assembled empty to 
characterize the influence that the latex membrane may have on the load cell response. The membrane 
was loaded monotonically over a range of displacements expected for frequency response testing. At a 
maximum deflection of approximately 0.7mm, the membrane resistance force was approximately 17N. 
Load cell readings were corrected with respect to the latex membrane resistance force during frequency 
testing. 
Two PWP sensors were ultimately tested with ceramic stones in place to capture any dynamic 
response associated with the entire transducer configuration.  Tests were performed in stress control at 
frequencies ranging from 0 – 60 Hz for durations ranging from 30 – 60 seconds. The pressure record 
provided by the MTS load cell was compared to the pressure response of the two PWP transducers. A 
minimum of two tests were recorded at each frequency. Peak-to-peak amplitude and phase were 
determined manually from the load cell and PWP time histories at each frequency. Amplitude and phase 
response at frequencies above 35Hz proved unrepeatable for both transducers. Consequently, dynamic 
response characterization is limited to frequencies below 35 (see Figure 2.8). This upper bound of 
transducer repeatability essentially limited the dynamic analysis of soil testing presented in chapters 4 
and 5 to within this band as well. Average values of the amplitude and phase response shown in Figure 
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2.8 were taken from the data at each discrete frequency to correct dynamic PWP records taken during 
soil testing. 
 
Figure 2.8 PWP Frequency Response: a) Amplitude, b) Phase 
2.3.2 LVDT Frequency Response 
A series of dynamic tests were performed on the RDP LVDT sensors to characterize the 
transducers’ frequency response. Like the pore pressure transducers, LVDTs are 2nd order systems.  The 
large geometry of these LVDTs in addition to the nature of operation being submerged in water 
presented several inertial components that likely influence the sensors’ dynamic response. LVDT 
frequency response was characterized using a Micro-Epsilon Model U6 Eddy Current Non-Contact 
Displacement Transducer (NCDT), see schematic presented in Figure 2.9. The eddy current (EC) 
transducer supplies an alternating current to an internally housed coil, creating a coupled magnetic 
field. Eddy currents are induced in the target, which simultaneously changes the impedance of the coil. 
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Coil impedance is then translated to amplitude and phase position of the sensor coil with respect to the 
target. Essentially, the eddy current sensor is a zero order system, having no dynamic effects [1].  
 
Figure 2.9 Schematic of Eddy Current NCDT (ref: Micro-Epsilon eddy NCDT owner’s manual) 
The U6 EC transducer has a full scale measurement potential of 6mm (0.24in).  The signal is 
conditioned during acquisition by a Micro-Epsilon Model DT3010-M controller. The controller limits the 
sensor’s measurement resolution to 0.01% full scale (i.e., 6e-4mm). Prior to dynamic testing, the EC 
transducer was calibrated over the full scale range using a pair of digital calipers. 
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For the LVDT frequency characterization, the EC sensor was mounted to a tie rod fixed to the base 
of the triaxial cell (see Figure 2.10). Care was taken to ensure that the mounting bracket was secure and 
level. The target used for the EC measurement was the upper platen used during soils testing. Similar to 
during soils testing, the two LVDTs mount vertically at 180 degrees with one another to flaps fixed to the 
upper platen. The EC sensor was mounted approximately 2mm (0.08 in) above the target (i.e., upper 
platen).  The acrylic chamber used during triaxial testing was then placed on the O-ring channel of the 
cell base.  The chamber was filled with water to the height of the platen, ensuring that the LVDTs were 
completely submerged. 
 
Figure 2.10 EC transducer mounting 
A series of dynamic tests were performed in displacement control with prescribed peak-to-peak 
oscillation of +/- 0.35mm (+/- 0.01in) at frequencies of 1, 10, 20 and 30 Hz. A minimum of two tests were 
recorded at each frequency. Peak-to-peak amplitude and phase were determined manually from the EC 
transducer and LVDT time histories at each frequency. The average gain and phase observed from the 
two LVDTs is for the two tests are presented in Figure 2.11. Average values of the amplitude and phase 
response from the tests shown in Figure 2.11 were taken from the data at each discrete frequency to 









MONOTONIC AND CYCLIC TRIAXIAL TESTING 
3.1 Introduction 
The soil selected for this research was a #30 4060 grade quartz sand with high silica content 
(GRANUSIL Mineral Fillers). The 4060 designation implies 60% retained on the #40 mesh. The sand’s 
grain size distribution (GSD) is presented in Figure 3.1. The sand has D60, D30, and D10 values of 0.19, 0.16 
and 0.13mm, respectively. The sand’s GSD is characterized by a coefficient of curvature (Cc) of 1.04 and 
a coefficient of uniformity (Cu) of 1.46. Monotonic and cyclic, i.e., <0.2Hz, tests were performed to 
investigate cyclic stress-strain and excess pore pressure response in large geometry specimens, 
benchmark the experimental test apparatus developed in the previous chapter, and characterize the 
sand with respect to elastic parameters for use in computational modeling. 
First, the experimental test setup developed here presented an opportunity to investigate cyclic stress-
strain and excess pore water pressure response in large geometry specimens. Several authors have 
investigated the response of both sands and clays subject to cyclic loading, often in an attempt to 
characterize seismic liquefaction response [65][66][19][20][67][68][69][21]. Several of these studies 
have reported accumulation of plastic volumetric strain (+GcdQ ), and consequently excess pore pressure 
("B), during both drained and undrained cyclic loading (e.g., [70][20][67]). Accumulation of +GcdQ  is largely 
attributed to an internal redistribution of void space in laboratory specimens during undrained loading 
[71]. A sand fabric and structure are considered to be metastable. Small strains can induce “structural 
collapse” [68], whereby specimens may experience pore space reduction due to grain rearrangement or 
even losses in grain contact. The collapse of a soil’s skeleton in turn can induce pore pressures that, as 
with strain, tend to accumulate during cyclic loading. It is commonly reported that the initial cycle 
46 
 
induces a significantly larger magnitude of both strain and excess pore water pressure accumulation, 
being less pronounced during cycles that follow [19]. 
 
Figure 3.1 Quartz Sand (#30 – 4060): Grain size distribution 
The magnitude of accumulation of both plastic strain and pore pressure depends on several 
factors. It is widely accepted that strain and pore pressure response are dependent on the particular 
soil, the soil structure or fabric, initial state, in addition to method and rate of loading [69][67]. Soil 
effective stress-strain behavior is inherently nonlinear, being in-elastic, stress history and stress path 
dependent [72]. Experimental results obtained during this study demonstrate similar trends in both 
+GcdQ and "B accumulation for larger geometry specimens [20].  
Cyclic stress-strain and pore pressure response is used here to characterize the sand’s dilative or 
contractive behavior with large geometry specimens. The general body of knowledge known as critical 
state soil mechanics (CSSM) describes a unique delineation between dilative and contractive type 
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behavior, given a specific combination of effective confining stress () and specimen void ratio () 
[73][74]. It has been demonstrated, however, that this relationship may not be strictly unique (e.g., [13], 
Vaid (1985, [70]) states that it is not possible to predict undrained soil response, i.e., dilative or 
contractive, with knowledge of only    and . Soil behavior is related to both the initial soil state as well 
as induced shear stresses. [18]). Mooney et al. (1998, [18]) state that while a the relationship between 8 
and 9 at critical state is unique, there is not a single critical state void ratio for an initial mean effective 
stress. The study presented here reveals a consistent relationship between specimen response at 
various combinations of   -   with respect to plastic yielding and contractive-dilative transition for 
values  8 9⁄  > 1. This relationship is also demonstrated for specimens of two different geometries. 
Mohammad (1984, [21]) and Hyodo (1994, [20]) discuss ‘partially-contractive’ soil behavior, 
occurring in a band within the vicinity of the commonly referred to Critical State Line (CSL) on a soil’s 
state diagram. Vaid (1985, [70]) uses the term ‘slightly contractive’ to describe initial states that initially 
undergo a slight strain softening (up to axial strains of approximately 2.5%), and lying in a narrow band 
to the immediate left of the phase transformation (PT) line. This band delineates the transition from 
contractive to dilative response. Sangrey (1978, [69]) notes that the cyclic CSL for a sand is much ‘flatter’ 
than for a clay, implying that it may be difficult to prepare a specimen to a void ratio high enough to be 
truly contractive.  
To investigate contractive-dilative behavior, stress-strain and excess pore water pressure results 
are compared here from isotropically consolidated (CID) tests, displacement-controlled monotonic, 
isotropically consolidated drained (M-CID-TXC) tests, and stress-controlled cyclic, isotropically 
consolidated drained (CID-TXC) and undrained (CIU-TXC) tests for specimens having 229mm diameter by 
457mm height and 152mm diameter by 305mm height. Specimens in this study were prepared to a 
height-to-diameter (H:D) ratio of 2:1 in accordance with ASTM D4767-11 and D7181-11, and to void 
ratios representative of *v and , determined in accordance with Method A of ASTM D4254-00 
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and similar to ASTM D4253, respectively. Specimens prepared to *v were dry pluviated at a constant 
drop height of approximately 2.5cm (e.g., [62][75]). Specimens prepared to  were placed dry in 
approximately 5cm lifts and compacted with a confining plate under a static surface load by vibration 
using a rubber mallet, similar to vibratory methods outlined in ASTM D4253. Vaid (1983, [19]) notes the 
importance of confining the upper surface of the soil lift during densification by vibration. The values 
*v and  obtained using these methods are in agreement with soil supplier designations.   
Cyclic loading was performed on each specimen to two sequences of maximum effective stress 
ratios (i.e., 8 9⁄  or ' ⁄ ), where 8 and 9 are defined by Equations 3.1 and 3.2. 
8 = ' −           (3.1) 
9 = ' 4' + 25        (3.2) 
The sequences of effective stress ratios for drained specimens are 5 cycles at 8 9⁄ ≅ 0 .7 
(' ⁄ ≅ 1.9) and 2 cycles at 8 9⁄ ≅ 0 .9 (' ⁄ ≅ 2.4).  Undrained specimens were also subject to a 
sequences of 5 and 2 cycles at variable effective stress ratios. Maximum effective stress ratios 
experienced during undrained loading vary by cycle and in overall magnitude due to the accumulation of 
pore pressure in a given specimen. All of the undrained specimens prepared to *v and  in this 
study exhibited either dilative or ‘partially-contractive’ (i.e., ultimately dilative) pore pressure response 
during shearing. The results presented here show that undrained specimens loaded to effective stress 
ratios of 8 9⁄ > 1 experience a transition from contractive to dilative behavior. 
One specimen was prepared to a void ratio greater than *v, referred as ‘super critical’ (%-), and 
sheared under undrained conditions to observe the excess pwp response of a truly contractive behavior. 
The sand was initially prepared to a moisture content of approximately 7%, inducing a bulking 
phenomenon allowing for specimen reconstitution at a void ratio in excess of *v. Soil was placed in 
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approximately 5cm lifts with a near zero drop height. Lifts were moist tamped to level and the lift surface 
scarified prior to placing additional material [18]. 
Second, the results of monotonic and cyclic triaxial testing are intended to benchmark the validity 
of the experimental setup by demonstrating repeatability and through comparison with the literature. 
The large extent of geotechnical variability due to soil homogeneity, measurement error, and 
performance repeatability in both lab and field environments is widely acknowledged by the 
geotechnics community, e.g., [76][77][78]. As will be discussed, the results obtained herein demonstrate 
geostatistical distributions comparable to or much less scattered than those seen in the literature. 
For example, Phoon and Kulhawy (1999,[77]) present statistical quantifications, such as coefficient 
of variation (COV), range, and mean, of a variety geotechnical soil properties, e.g., undrained shear 
strength (H6), effective friction angle (n), Atterberg Limits, etc.  As geotechnical testing examples, 
Phoon and Kulhawy quote typically COV values for H6 obtained from unconfined compression tests (UC) 
and unconsolidated-undrained triaxial compression tests (UU) as ranging between 20-55% and 10-30%, 
respectively. The COVs for the data reported in this chapter exhibit COVs less than 12%. 
To demonstrate repeatability in specimen preparation, a statistical summary of the two sample 
preparation techniques with respect to void ratio distributions is presented in Table 3.1. During the 
course of this research (including both quasi-static and dynamic testing), a total 34 specimens, twenty-
four with a diameter of 229mm and nine of 152mm diameter, were prepared to a target void ratio of 
. A total of 15 specimens, two having a diameter of 152mm, were prepared to a target void ratio of 
*v. The distributions of specimen void ratios for  and *v are characterized by statistically low 
COVs of 2.02% and 2.95%, respectively. 
Finally, monotonic and cyclic tests were performed to characterize the material properties of the 
sand with respect to elastic parameters (e.g., bulk modulus 0, Young’s modulus 2, Poisson’s ratio T), 
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Mohr-Coulomb failure criteria (effective friction angle n, effective cohesion =), in addition to various 
plasticity parameters (e.g., yield function ,, potential function O), for computational modeling of both 
quasi-static and dynamic loading tests. Triaxial tests are computationally modeled using an open source 
C++ finite element code named Tahoe [37]. Tahoe’s implementation is based on the poromechanical 
concepts underlying mixture theory (discussed in Chapter 1). Regueiro and Ebrahimi ([37], 2010) have 
enhanced Tahoe’s poromechanical capabilities by implementation of a non-associative Drucker-Prager 
cap plasticity model to evaluate the development, if any, of finite strain during experimental triaxial 
testing. Greater detail regarding specifics of both mixture theory and the Drucker-Prager plasticity 
constitutive model, as well as Tahoe’s numerical time integration scheme, are presented by Regueiro 
(2010) [37]. 
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This chapter presents the results of the following triaxial tests: 
• Cyclic Drained (CID-TXC) and Undrained (CIU-TXC) Axial Compression: Stress-Control 
• Isotropic Consolidation (CID) 
• Monotonic Drained Axial Compression (M-CID-TXC): Displacement-Control 
3.2 Isotropically Consolidated Drained and Undrained Cyclic Axial Compression: Stress-Control  
Cyclic axial compression tests were performed under drained (CID-TXC) and undrained (CIU-TXC) 
conditions on isotropically consolidated specimens to evaluate accumulation of plastic volumetric strain 
(+GcdQ ) and excess pore water pressure ("B) generation, the effects of cyclic loading on elastic parameters 
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(e.g.,  2  and ¸), as well as to identify stress-strain behavior within the elastic loading regime. These tests 
form the basis for the selected seating and peak-to-peak dynamic stress amplitudes and strain levels 
analyzed in the following chapter.  
This section discusses specimen behavior at similar void ratio () and effective confining stress () 
combinations by comparing drained and undrained response for 229mm diameter specimens. Specimen 
behavior with respect to either accumulation of plastic +GcdQ  or excess "B is discussed in the context of 
contractive and dilative response. For comparison to the larger specimen geometry, only CIU-TXC tests 
were performed on 152 mm diameter specimens. Sample geometry is designated by using the 
subscripts 229 or 152 (e.g., CID-TXC229) to indicate specimen diameter in mm. 
All specimens were backpressure saturated to Skempton’s B values greater than 0.90. Due to large 
specimen geometry, achieving B-values >0.95 in accordance with ASTM D5311 proved challenging. Two 
229mm and two 152mm diameter specimens, prepared to approximately *v and subjected to =69 
kPa, were backpressure saturated to 0.90 < B < 0.95 and B > 0.97, and tested to compare +Gcd  and "B 
response. As will be discussed, it is difficult to strictly conclude that the specimen’s degree of saturation 
played a predominate role in response differences due to nature of statistical geo-variability.   
Following backpressure saturation, specimens were isotropically consolidated to the desired 
effective confining stress. A summary test matrix of target void ratio and confining stress combinations 
for both CID-TXC and CIU-TXC testing is presented in Table 3.2. The target void ratios selected for testing 
represent *v and  for this sand. Specific values of , in addition to relative densities (~) 
determined per ASTM D4254-00, are reported for each specimen.  
Specific combinations of void radio and confining stress of the specimens prepared for this study 
are shown by the state diagram presented in Figure 3.2. A series of specimens are plotted with respect 
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to specimen diameter, drainage conditions (i.e., d=drained, u=undrained), and test control method (i.e., 
D=displacement control, S=stress control). 
Table 3.2 Test matrix: target void ratio and effective confining stress combinations 








0.80 69 241 
1.00 69 241 
 
 
Figure 3.2 State Diagram 
3.2.1 Drained and Undrained Cyclic Axial Compression:  ≅ 1.00, 	
 =69kPa 
Figures 3.3 through 3.13 a, b, c, and d present the drained and undrained response in terms of 8, 
8 9⁄ , +Gcd  , in addition to total stress (TS) and effective stress (ES) paths, of specimens subject to cyclic 
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axial compression for tests prepared to  ≅ *v = 1.00 and 3′ =69kPa. Unloading curves for 8, 8 9⁄ , 
and +Gcd  versus +* are plotted with open circle markers, with the beginning of each unload cycle 
indicated by closed circle markers. Where applicable, points of transition from contractive to dilative 
behavior are indicated by closed triangular markers.  
Mohr-Coulmb (M-C) parameters for the sand were determined from isotropically consolidated, 
displacement controlled drained axial compression tests (see Section 3.4). The sand’s M-C failure 
envelope is plotted in 8 − 9, 9 space in Figures 3.3 through 3.13 d, with failure being reached at 8 9⁄ ≅ 
1.7.  All cyclic stress controlled tests, with the exception of one 152mm diameter specimen, were not 
loaded beyond 8 9⁄ ≅ 1.5. The 152 diameter specimen loaded above 8 9⁄ ≅ 1.5 failed at 8 9⁄ ≅ 1.7, 
consistent with the experimentally determined M-C failure criteria. Plastic yielding, however, was 
consistently observed in specimens at 8 9⁄ > 1. The response for specimens loaded to 8 9⁄ < 1 was more 
or less linear elastic within a given cycle (i.e., specimens still tended to accumulate plastic strain from 
cycle to cycle). 
Figure 3.3a presents the stress-strain response from specimen CID-TXC229-1 subject to 5 cycles of 
loading to 8 9⁄ ≅ 0.7 (' ⁄ =1.9). Since the specimen is drained, Figure 3.3b shows that 8 9⁄  remains 
constant for each of the 5 cycles and as shown in Figure 3.3d, TS and ES paths are coincident. The 
volumetric strain response presented in Figure 3.3c shows that +Gcd  increases linearly during each 
loading cycle, indicating that specimen CID-TXC229-1 experiences purely contractive behavior. Volumetric 
strain in terms of changes in  can be observed on the right y-axis of Figure 3.3c for comparative 
purposes. 
Upon unloading during the initial cycle, the specimen contracts briefly and then dilates, finally 
leveling off to an accumulated value of approximately +Gcd  = 0.11%. Similarly, the unloading volumetric 
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strain responses of the following 4 cycles demonstrate brief contraction followed by dilation.
 
Figure 3.3 CID-TXC229-1: =1.02 (=-10%), 	
 =69 kPa, B=0.95, Cycles 1-5 
Closed circles indicate the beginning of the unload cycle, open circles indicate unloading 
It is worth mentioning that ‘dilation’ during unloading indicates contractive behavior. These 4 
unloading curves, however, follow the loading volumetric strain paths exactly, leveling off at increasing 
accumulations of +GcdQ . Specimen CID-TXC229-1 experiences similar accumulation of plastic strain for each 
cycle following the second cycle, where the cumulative plastic volumetric strain in the specimen after 5 
cycles is approximately 0.17%. Peak +* for this sequence of loading is approximately 0.20%. As will be 
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shown by comparison to other specimens, a specimen loading of  8 9⁄ < 1 does not induce dilative 
behavior during loading. 
Figure 3.4 presents load-unload cycles for CID-TXC229-1 when loaded to  8 9⁄ ≅ 0.9 (' ⁄ ≅ 2.4). 
During the final 2 loading cycles, the specimen experiences purely contractive behavior during loading 
with a brief contraction transitioning to dilation upon unloading. Specimen CID-TXC229-1 also 
experiencing a leveling off during unloading. Peak +* achieved during this sequence of loading is 
approximately 0.40%. Here again, loading to 8 9⁄ < 1 is not sufficient to induce dilative behavior.  
Figures 3.5 and 3.6 present the results from two isotropically consolidated undrained tests for 
specimens CIU-TXC229-1a and CIU-TXC229-1b loaded up to 8 9⁄ ≅ 1.3 (' ⁄ ≅ 1.3). Specimens CIU-
TXC229-1a and CIU-TXC229-1b were similarly prepared to approximately  =0.97 (~=15%) and  =0.98 
(~=10%), respectively.  Contractive-dilative transition points are indicated during loading and 
unloading by closed triangle and star markers. 
Here, "B is generated as a result of the specimen’s desire to contract or dilate. Consistent with the 
contractive drained behavior during cyclic loading experienced by CID-TXC229-1 (i.e., 8 9⁄ < 1), the CIU-
TXC229-1a and CIU-TXC229-1b specimens exhibits positive "B during the initial loading, typifying 
contractive behavior. During loading cycle 2, both CIU-TXC specimens begin to exhibit a transition from 
contractive to dilative behavior (as manifested in "B5 at  8 9⁄  ratios greater than unity. At accumulated 
axial strains >0.40%, load cycles 3-7 demonstrate a pronounced, gradual transition from contractive to 
dilative behavior as "B generation varies from increasing to decreasing values. The specimens exhibit 
gradual transitions from decreasing to increasing generation of "B during unloading, indicating a 





Figure 3.4 CID-TXC229-1:  =1.02 (=-10%), 	
 =69 kPa, B=0.95, Cycles 6-7 
Closed circles indicate the beginning of the unload cycle, open circles indicate unloading 
Specimens CIU-TXC229-1a and CIU-TXC229-1b, backpressure saturated to B=0.91 and 0.97, 
respectively, experienced similar orders of magnitude in "B generation following both sequences of 
cyclic loading. Specimen CIU-TXC229-1b did experience, however, approximately 6% higher "B and 
approximately 0.2% lower +*. Both specimens experience a fairly linear increase in 8 9⁄  with each 
cycle. The transition between contractive and dilative behavior during loading, as indicated by the 
closed triangular markers in Figures 3.5a, b, c and 3.6a, b, c, reveals that change in response occurs 
progressively higher values of 8 9⁄ , rising to 8 9⁄ ≅ 1.0 and 1.1 for specimens CIU-TXC229-1a and CIU-
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TXC229-1b, respectively. The transition between contractive and dilative behavior during unloading, as 
indicated by the closed star markers, occurs at increasingly higher ratios of 8 9⁄ .  It is difficult to 
conclude from these results, however, that the degree of saturation CIU-TXC229-1a (i.e., B=0.91) played 
a significant role in response given to the nature of statistical geo-variability.  As will be seen, the 
variability in response of  +* and "B with respect to saturation is more pronounced in the smaller 
diameter specimens at significantly lower strains. 
 
Figure 3.5 CIU-TXC229-1a:  =0.97 (=15%), 	
 =69 kPa, B=0.91, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 




Figure 3.6 CIU-TXC229-1b:  =0.98 (=10%), 	
 =69 kPa, B=0.97, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles and stars indicate contractive-dilative transition during loading-unloading) 
Figures 3.7a, b, and c present the 1st, 3rd, and 5th cycles of loading for specimens CID-TXC229-1, CIU-
TXC229-1a and CIU-TXC229-1b, in terms of 8, 8 9⁄ , and  "B (and +Gcd) from top to bottom, respectively. All 
of the data have been ‘zeroed’ to 0% axial strain (i.e.,  ∆+*) for comparison. The drained specimen CID-
TXC229-1 demonstrates higher stiffness as indicated by the slope of the stress-strain curve when 
compared to the undrained specimens. The volumetric strain response in the bottom figures of 3.7a, b, c 
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also demonstrates that specimen CID-TXC229-1 experiences an accumulation of plastic +GcdQ with 
subsequent cycles.  
For the two undrained specimens CIU-TXC229-1a and CIU-TXC229-1b, purely contractive behavior is 
observed during cycle 1, as evidenced by monotonically increasing "B generation. Consequently, the 
specimens both experience a similar increase in 8 9⁄  response throughout the first cycle. During cycles 
3 and 5 of undrained loading, however, two distinct linear features can be identified 8 9⁄  space 
suggestive of a transition from elastic to plastic behavior. In both undrained specimens, this transition is 
coincident with the specimens’ transition from contractive to dilative behavior (shown as closed triangle 
markers) as indicated by a change from increasing to decreasing "B generation. Plastic yielding is shown 
by an asymptotic response of  8 9⁄ ≅ 1.1 and 1.2 for cycles 3 and 5, respectively. During unloading, all 
cycles demonstrate a transition from contractive to dilative behavior (indicated as closed star markers). 
These points also indicate a transition from elastic to plastic unloading behavior, as evidenced by the 
change from an initial linear unloading to more curved response. This point coincides exactly with a 
transition from contractive to dilative response, as evidenced by the change in trend of excess "B 
development..  Both drained and undrained specimens experience similar values of +*until the point at 
which the undrained specimens experience plastic yielding (i.e., 8 9⁄ ≅ 1.1 and 1.2 for cycles 3 and 5, 
respectively). Beyond the point of plastic yielding, the undrained specimens experience significantly 
higher axial strain than the drained specimen. The drained specimen does not experience 8 9⁄ > 0.7, 
and therefore does not exhibit a transition in contractive-dilative response. A similar yielding response 
would be expected had loading continued of specimen CID-TXC229-1 beyond 8 9⁄ > 1. 
Figures 3.8 and 3.9 present cycles 6-7 for CIU-TXC229-1a and CIU-TXC229-1b when sheared to the 
higher loading sequence 8 9  ≅⁄  1.4 ('  =⁄  1.9). Both specimens continue to experience dilation as 




Figure 3.7 Cycles a) 1, b) 3, and c) 5: 
CIU-TXC229-1a and CIU-TXC229-1b (open markers), CID-TXC229-1(closed circle markers). 
Top: All specimens:  vs. ∆, Center: All specimens:  ⁄  vs. ∆, 
Bottom CIU-TXC229-1a and CIU-TXC229-1b:  vs. ∆, CID-TXC229-1:  vs. ∆ 
During the final cycle of loading of CIU-TXC229-1a and CIU-TXC229-1b, the point of contractive-
dilative transition during loading occurs at approximately 8 9  ≅⁄  1 and 1.1, respectively. The point of 
contractive-dilative transition during unloading continues to increase to 8 9  ≅⁄  1.2 and 1.1, 
respectively, indicating a reduction in elastic recovery potential. 
Figures 3.10 and 3.11 present the results from the first 5 cycles of two undrained, isotropically 
consolidated tests for specimens CIU-TXC152-1a and CIU-TXC152-1b (i.e., diameter = 152mm) loaded up to 
8 9  ≅⁄  0.7 and 0.8 (('  =⁄  1.3 and 1.4), respectively. Specimens are subject to 8 9⁄  ratios 
approximately 40% less than the larger diameter specimens. Specimens CIU-TXC152-1a and CIU-TXC152-1 




Figure 3.8 CIU-TXC229-1a:  =0.97 (=15%), 	
 =69 kPa, B=0.91, Cycles 6-7 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles and stars indicate contractive-dilative transition during loading-unloading) 
The impact of degree of saturation (i.e., B-value) appears to be more significant in the smaller 
geometry specimens at low axial strains. 
Specimens CIU-TXC152-1a and CIU-TXC152-1b backpressure saturated to B= 0.90 and 0.99 showed 
significant differences in "B generation during the first sequence of 5 cycles of loading. Specimen CIU-




Figure 3.9 CIU-TXC229-1b:  =0.98, (=10%), 	
 =69 kPa, B=0.97, Cycles 6-7 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles and stars indicate contractive-dilative transition during loading-unloading) 
During the first 5 loading cycles, specimens CIU-TXC152-1a and CIU-TXC152-1b experience +* 
<0.09% and 0.12%, respectively, exhibiting purely contractive behavior. Specimen CIU-TXC152-1b 
experiences approximately 10 kPa higher "B generation following 5 cycles of loading. While the 
magnitude of +* is expectedly lower, the difference in strain response between specimens is negligible. 
At low +*, the 8 9⁄ response appears nearly constant with each cycle for CIU-TXC152-1a. The 
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8 9⁄ response of CIU-TXC152-1b, however, has a distinct, linearly increasing trend, as evidenced by a 
persistent accumulation of "B generation with each cycle.  
 
Figure 3.10 CIU-TXC152-1a:  =0.97 (=15%), 	
 =69 kPa, B=0.90, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading) 
Figures 3.12 and 3.13 present cycles 6-7 for CIU-TXC152-1a and CIU-TXC152-1b when sheared to 
the higher loading sequence 8 9⁄ ≅ 1.3 ('  =⁄  1.7-1.8). During loading of cycle 6, both specimens 
experience a leveling off of "B at approximately +* > 0.20%, indicating that the specimen is 




Figure 3.11 CIU-TXC152-1b:  =0.97 (=15%), 	
 =69 kPa, B=0.99, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading) 
During the final loading cycle, both specimens experience a pronounced transition from 
contractive to dilative behavior at axial strains of approximately 0.9% and 1.1%, respectively. The point 
of transition for CIU-TXC152-1a and CIU-TXC152-1b corresponds to 8 9  ≅⁄  1.2 and 1.1, respectively.  This 
is consistent with 8 9 ⁄ response with respect to contractive-dilative transition experienced in the larger 
geometry specimens. Both specimens CIU-TXC152-1a and CIU-TXC152-1b also demonstrate a contractive-
dilative transition at increasing ratios of 8 9 ⁄ , indicating a reduction in elastic recovery potential. 
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It is worth noting that at higher +* values (approximately 10 times greater than the previous 
loading sequence) specimens CIU-TXC229-1a and 1b demonstrate similar 8 9⁄  and "B generation 
response. Both specimens experience linear increases to 8 9 ≅⁄  1.3 during the final 2 cycles of loading.  
Similarly, both specimens generate approximately 40kPa of  "B during the final cycle at the point of 
contractive-dilative transition. Presumably, the effect of degree of saturation (i.e., B-value) appears to 
be diminished as the specimens are sheared to higher strains levels. 
3.2.2 Drained and Undrained Cyclic Axial Compression:  ≅ 1.00, 	
 =241kPa 
Figures 3.14 through 3.20 a, b, c, and d present the drained and undrained response in terms of 8, 
8 9⁄ , +Gcd  , in addition to total stress (TS) and effective stress (ES) paths, of specimens subject to cyclic 
axial compression for tests prepared to  = *v ≅ 1.00 and 3′ =241kPa.  
Figure 3.14 presents the drained response from specimen CID-TXC229-2 subject to 5 cycles of 
loading to 8 9⁄ ≅ 0.7 (' ⁄ ≅ 1.9). Since the specimen is drained, Figure 3.14b shows that 8 9⁄  
remains constant for each of the 5 cycles and, as shown in Figure 3.14d, TS and ES paths are coincident. 
The volumetric strain response presented in Figure 3.14c shows that +Gcd  increases linearly during each 
loading cycle, indicating that specimen CID-TXC229-2 experiences purely contractive behavior. Volumetric 
strain in terms of changes in  can be observed on the right y-axis of Figure 3.14c for comparative 
purposes. 
Upon unloading of each cycle, the specimen experiences a slight decrease in +GcdQ  and then leveling 
off. Specimen CID-TXC229-2 experiences similar accumulation of plastic strain for each cycle following the 





Figure 3.12 CIU-TXC152-1a:  =0.97 ( =15%), 	
 =69 kPa, B=0.90, Cycles 6-7 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 




Figure 3.13 CIU-TXC152-1b:  =0.97 (=15%), 	
 =69 kPa, B=0.99, Cycles 6-7  
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 




Figure 3.14 CID-TXC229-2:  =1.00 (=0%), 	
 =241 kPa, B=0.91, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading) 
Peak +* for this sequence of loading is approximately 0.50%. Consistent with the response 
experienced by CID-TXC229-1, a loading of 8 9⁄ < 1 for both specimens is not sufficient to induced a 
transition from contractive to dilative behavior. 
Figure 3.15 presents load-unload cycles for CID-TXC229-2 when loaded to a  8 9⁄ ≅ 0.9 (' ⁄ ≅ 
2.4). During the final 2 loading cycles, the specimen experiences purely contractive behavior during 
loading with a brief contraction transitioning to dilation upon unloading. Specimen CID-TXC229-2 also 
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experiencing a leveling off during unloading, ultimately tending towards a dilative +Gcd  response. The 
point of contractive-dilative transition during unloading, however, occurs at decreasing ratios of 8 9⁄ . It 
is likely that this trend is due to the fact that specimen CID-TXC229-2 hasn’t been loaded beyond the 
point of plastic yielding. The indication of a contractive-dilative transition in the neighborhood of 8 9⁄ ≅ 
1 is supported by comparison with other specimens presented in this study. 
 
Figure 3.15 CID-TXC229-2:  =1.00 (=0%), 	
 =241 kPa, B=0.91, Cycles 6-7 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed stars indicate contractive-dilative transition during unloading) 
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Figure 3.16 presents the results from an isotropically consolidated undrained test for specimen 
CIU-TXC229-2 loaded up to 8 9⁄ ≅ 1.4 (' ⁄ ≅ 1.8). Specimens CIU-TXC229-2 was similarly prepared to 
approximately (~=10%). During the initial loading cycle, specimen CIU-TXC229-2 experiences positive 
"B during the initial loading, typifying contractive behavior. During loading cycle 2, the specimen begin 
to exhibit a transition from contractive to dilative behavior (as manifested in "B5 at approximately +*= 
1.1%. At 8 9⁄  > 1.0, loading cycles 2-7 demonstrate a pronounced, gradual transition from contractive 
to dilative behavior as "B generation varies from increasing to decreasing values. This transition occurs 
during the load cycle at 8 9⁄ ≅ 0.9. Each of the unload cycles exhibit gradual transitions from 
decreasing to increasing generation of "B, indicating a change from contractive to dilative behavior. 
This transition occurs at increasing ratios of8 9⁄  during each unload cycle. The specimen experiences a 
linear increase in 8 9⁄  with each cycle, as to be expected with cyclic accumulation of "B generation. 
Figures 3.17 a, b, and c present the 1st, 3rd, and 5th cycles of loading for specimens CID-TXC229-2 and 
CIU-TXC229-2, in terms of 8, 8 9⁄ , and  "B (and +Gcd) from top to bottom, respectively. All of the data 
have been ‘zeroed’ to 0% axial strain for comparison. Similar to the specimens sheared at the lower 
confining stress for this void ratio, the drained specimen CID-TXC229-2 demonstrates higher stiffness as 
indicated by the slope of the stress-strain curve when compared to the undrained specimens. The 
volumetric strain response in the bottom figures also demonstrates that specimen CID-TXC229-2 
experiences an accumulation of +GcdQ with subsequent cycles.  
For the undrained specimens CIU-TXC229-2, purely contractive behavior is observed during cycle 1, 
as evidenced by increasing "B generation. As the specimen exceeds 8 9⁄  > 1 during the first cycle, it 
experiences a leveling of "B, indicating the onset of a transition from contractive to dilative behavior. 
Since the specimen is close to the point of plastic yielding (i.e., 8 9⁄  > 1), it experiences a transition 
from contractive to dilative behavior even during unloading of cycle 1. During loading cycles 3 and 5, 
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two distinct linear features can be identified 8 9⁄  space suggestive of a transition from elastic to plastic 
behavior. 
 
Figure 3.16 CIU-TXC229-2:  =0.98 (=10%), 	
 =241 kPa, B=0.92, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles and stars indicate contractive-dilative transition during loading-unloading) 
This transition is coincident with the specimen’s transition from contractive to dilative behavior 
(shown by closed triangle marks in 8 9⁄  and  "B figures) as indicated by a change from increasing to 
decreasing "B generation. Plastic yielding is shown by an asymptotic response of  8 9⁄ ≅ 1.3 and 1.4 for 
cycles 3 and 5, respectively. The asymptotic response of specimen CIU-TXC229-2 ( =241kPa) is slightly 
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higher than the specimens sheared under the lower confining stress ( =69kPa, 8 9⁄ ≅ 1.1 and 1.2 for 
cycles 3 and 5). Consistent with specimens loaded beyond the point of plastic yielding, the contractive-
dilative transition point occurs at increasing ratios of  8 9⁄  during unloading. It is again clear that this 
transition point indicates a change from linear elastic to plastic unloading. The drained specimen again 
does not experience 8 9⁄ > 0.7, and therefore does not exhibit a transition in contractive-dilative 
response.   
Both drained and undrained specimens experience similar values of +*until the point at which the 
undrained specimens experience plastic yielding (i.e., 8 9⁄ ≅ 1.3 and 1.4 for cycles 3 and 5, 
respectively). Beyond the point of plastic yielding, the undrained specimens experience significantly 
higher axial strain with negligible shearing resistance.  
 
Figure 3.17 Cycles a) 1, b) 3, and c) 5: 
CIU-TXC229-2 (open markers), CID-TXC229-2 (closed circle markers). 
Top::  vs. ∆, Center:  ⁄  vs. ∆, 
Bottom CIU-TXC229-2:  vs. ∆, CID-TXC229-2:  vs. ∆ 
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Figures 3.18 present cycles 6-7 for CIU-TXC229-2 when sheared to the higher 8 9  ≅⁄  1.5 (' ⁄ ≅ 
2.8). During the final cycle of loading of CIU-TXC229-2, the point of contractive-dilative transition occurs 
at approximately 8 9  ≅⁄  0.9. During unloading, the point of contractive-dilative transition increases to 
8 9  ≅⁄  1.2. 
 
Figure 3.18 CIU-TXC229-2:  =0.98 (=10%), 	
 =241 kPa, B=0.92, Cycles 6-7 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles and stars indicate contractive-dilative transition during loading-unloading) 
Figures 3.19 presents the results from 5 cycles of an undrained, isotropcially consolidated test for 
specimen CIU-TXC152-2 loaded up to 8 9  ≅⁄  0.7 (' ⁄ ≅ 1.7), a 8 9⁄  ratio approximately 50% less than 
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the larger diameter specimens. Specimen CIU-TXC152-2 was prepared to approximately  =0.96 
(~=20%) at a B value of 1.00. The specimen failed during the 6th cycle of loading to 8 9⁄  ratio of 
approximately 1.7. This is consistent with the M-C failure criteria determined experimentally for this 
sand in this study. The complete stress path to failure including cycles 1-6 is presented in Figure 3.20. 
The stress path clearly indicates that the specimen touched the Mohr-Coulomb failure plane due to 
excess "B generation associated with cyclic mobility [79]. The test was not attempted again to ascertain 
the repeatability of failure.  
The specimen experiences contractive behavior for the majority of the first cycle, very nearly 
transitioning dilative behavior at the end of the cycle. As the accumulation of "Bis small, the 8 9⁄  ratio 
at contractive-dilative transition shows a slight linear increase to approximately 1.1. Following 5 cycles, 
peak +* is approximately 3%, nearly 20% higher than in the larger diameter specimen. Specimen CIU-
TXC152-2, however, generates "B ≅ 185kPa, approximately 3% lower than excess pore pressure 
generated in the larger diameter specimen.  Consistent with specimens loaded beyond the point of 
plastic yielding, the contractive-dilative transition point occurs at increasing ratios of 8 9⁄  during 
unloading. 
3.2.3 Drained and Undrained Cyclic Axial Compression:  ≅ 0.80, 	
 =69kPa 
Figures 3.21 through 3.25 a, b, c, and d present the drained and undrained response in terms of 8, 
8 9⁄ , +Gcd  , in addition to total stress (TS) and effective stress (ES) paths, of specimens subject to cyclic 
axial compression for tests prepared to  ≅ *v = 0.80 and 3′ =69kPa.  
Figure 3.21 presents the drained response from specimen CID-TXC229-3 subjected to 5 cycles of 
loading to 8 9⁄ ≅ 0.7 (' ⁄ ≅ 1.9). Figure 3.21b shows that 8 9⁄  remains constant for each of the 5 
cycles during drained loading and, as shown in Figure 3.21d, TS and ES paths are coincident. The 
volumetric strain response presented in Figure 3.21c shows that +Gcd  increases linearly during each 
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loading cycle, indicating that specimen CID-TXC229-2 experiences purely contractive behavior. The 
specimen experiences a leveling off of +Gcd  changes at the end of both loading and unloading cycles. 
Volumetric strain in terms of changes in  can be observed on the right y-axis of Figure 3.14c for 
comparative purposes. 
 
Figure 3.19 CIU-TXC152-2:  =0.96 (=20%), 	
 =241 kPa, B=1.00, Cycles 1-5 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles and stars indicate contractive-dilative transition during loading-unloading) 
Specimen CID-TXC229-3 experiences smaller accumulations of plastic strain during each cycle, 




Figure 3.20 CIU-TXC152-2  =0.96 (=20%), 	
 =241 kPa, B=1.00, Cycles 1-6 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading 
In fact contrary to specimens prepared to  ≅ *v, all cycles experience similar strains with each 
unloading curve nearly coincident with its corresponding loading curve.  Peak +* for this sequence of 
loading is approximately 0.04%, being approximately 80% lower than the drained specimen CID-TXC229-1 
( ≅ *v,  =69kPa). Consistent with the response experienced by CID-TXC229-1 and 2, a loading of 
8 9⁄ < 1 for all specimens is not sufficient to induce a transition from contractive to dilative behavior. 
Figure 3.22 presents load-unload cycles for CID-TXC229-3 when loaded to a  8 9⁄ ≅ 0.9 (' ⁄ ≅ 
2.4). During the final 2 loading cycles, the specimen continues to experience purely contractive behavior 
during loading. Specimen CID-TXC229-3 also experiencing a leveling off in +Gcd  changes during both 





Figure 3.21 CID-TXC229-3:  =0.83 (=85%), 	
 =69 kPa, B=0.94, Cycles 1-5 
Figure 3.23 present the results from an isotropically consolidated undrained test for specimen 
CIU-TXC229-3 loaded up to 8 9⁄ ≅ 1.0 (' ⁄ ≅ 1.8) for 5 cycles. Similar to the drained specimen CID-
TXC229-3, specimen CIU-TXC229-3 experiences purely contractive behavior, as manifested in positive 
"B generation. Specimen CIU-TXC229-3 experiences a slight leveling off in "B. 
The accumulation of "B is comparable for all cycles. Specimen CIU-TXC229-3 experiences a linear 
increase in 8 9⁄  with each cycle, as to be expected with cyclic accumulation of "B generation. Peak 
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+*following the first 5 cycles of loading for the undrained specimen are approximately 2 times greater 
than those experienced by the drained specimen. 
 
Figure 3.22 CID-TXC229-3:  =0.83 (=85%), 	
 =69 kPa, B=0.94, Cycles 6-7 
(closed circles indicate the beginning of the unload cycle, open circles indicate unloading) 
Figures 3.24 a, b, and c present the 1st, 3rd, and 5th cycles of loading for specimens CID-TXC229-2 and 
CIU-TXC229-2, in terms of 8, 8 9⁄ , and  "B (and +Gcd) from top to bottom, respectively. Similar to the 
specimens sheared at the higher void ratio for this confining stress, the drained specimen CID-TXC229-3 
demonstrates higher stiffness as indicated by the slope of the stress-strain curve. The volumetric strain 
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response in the bottom figures indicates that specimen CID-TXC229-3 experiences very little, if any, 
accumulation of plastic +GcdQ with subsequent cycles.  
For the undrained specimens CIU-TXC229-3, purely contractive behavior is observed during all three 
cycles, with no distinct indication of leveling of "B generation. The 8 9⁄  response for the drained and 
undrained specimens is very comparable reaching maximum values of 0.7 and 1.0, respectively, neither 
exceeding 8 9⁄  > 1.  For specimens prepared to  ≅ *v at both confining stress, the transition from 
contractive to dilative behavior always occurred at values of 8 9⁄  > 1. It is therefore no surprise that 
CIU-TXC229-3 never experienced such a transition during these 5 cycles of loading. Specimen CIU-TXC229-3 
also does not experience a transition during unloading, as evidenced by the consistently linear unloading 
response. 
Figure 3.25 present cycles 6-7 for CIU-TXC229-3 when sheared to the higher 8 9  ≅⁄  1.3 (' ⁄ ≅ 
2.7).  During the 6th cycle of loading, specimen CIU-TXC229-3 begins to experience a transition from 
contractive to dilative behavior, begin more pronounced during cycle 7. The points of transition of 
contractive-dilative behavior occur at 8 9⁄ ≅ 1.2 and 1.3 for cycles 6 and 7, respectively. This is 
consistent with behavior observed in the specimens prepared to   ≅ *v (i.e., transition from 
contractive to dilative behavior at values of 8 9⁄  > 1). Specimen CIU-TXC229-3 appears to be approaching 
such a transition during unloading. 
A specimen CIU-TXC152-3 was prepared to approximately  =0.80 (~=100%) at a B value of 0.99. 
This specimen experienced unusually negative "B generation, producing pore pressures below the 
backpressure applied to saturate the specimen. The data from this test are incongruent with the results 
from any of the other results presented herein. There was no attempt to interpret these results, or to 





Figure 3.23 CIU-TXC229-3:  =0.83 (=85%), 	
 =69 kPa, B=0.92, Cycles 1-5 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 




Figure 3.24 Cycles a) 1, b) 3, and c) 5: 
CIU-TXC229-3 (open markers), CID-TXC229-3(closed markers). 
Top::  vs. ∆, Center:  ⁄  vs. ∆, 
Bottom CIU-TXC229-2:  vs. ∆, CID-TXC229-2:  vs. ∆ 
3.2.4 Drained and Undrained Cyclic Axial Compression:  ≅ 0.80, 	
 =241kPa 
Figures 3.26 through 3.32 a, b, c, and d present the drained and undrained response in terms of 8, 
8 9⁄ , +Gcd  , in addition to total stress (TS) and effective stress (ES) paths, of specimens subject to cyclic 
axial compression for tests prepared to  ≅ 0.80 and 3′ =241kPa.  
Figure 3.26 presents the drained response from specimen CID-TXC229-4 subjected to 5 cycles of 
loading to 8 9⁄ ≅ 0.7 (' ⁄ ≅ 1.9). Since the specimen is drained, Figure 3.26b shows that 8 9⁄  
remains constant for each of the 5 cycles and, as shown in Figure 3.26d, TS and ES paths are coincident. 
The volumetric strain response presented in Figure 3.26c shows that +Gcd  increases linearly during each 




Figure 3.25 CIU-TXC229-3:  =0.83 (=85%), 	
 =69 kPa, B=0.92, Cycles 6-7 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles indicate contractive-dilative transition 
It is not surprising the specimen experiences purely contractively behavior, with 8 9⁄ ≅ 0.7 < 1.0. 
Volumetric strain in terms of changes in  can be observed on the right y-axis of Figure 3.26c for 
comparative purposes. 
Specimen CID-TXC229-4 experiences little accumulation of plastic strain +GcdQ  for each cycle, where 
the cumulative plastic volumetric strain in the specimen after 5 cycles is approximately 0.15%. Peak +* 
83 
 
for this sequence of loading is approximately 0.17%. Following 5 cycles of loading, accumulated +GcdQ  and 
+* are approximately 79% and 66% less than those experienced by specimen CID-TXC229-4 ( ≅ 1.00).  
 
Figure 3.26CID-TXC229-4:  =0.81 (=95%), 	
 =241 kPa, B=0.91, Cycles 1-5 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles indicate contractive-dilative transition 
Figure 3.27 presents load-unload cycles for CID-TXC229-4 when loaded to  8 9⁄ ≅ 0.9 (' ⁄ ≅ 
2.4). Similar to CID-TXC229-3 ( =69kPa,  ≅0.83), specimen CID-TXC229-4 experiences purely 
contractive behavior with loaded to the higher 8 9⁄  ratio, and with no indication of a leveling off in +Gcd  
response during either loading or unloading. Again, a purely contractive response should be expected 
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since the specimen was loaded to 8 9⁄ ≅ 0.9 < 1.0. Specimen CID-TXC229-4 does not experience a 
contractive-dilative transition during unloading, and demonstrates a consistently linear, elastic 
unloading response. 
Figure 3.28 present the results from an isotropically consolidated undrained test for specimen 
CIU-TXC229-4 loaded up to 8 9⁄ ≅ 1.0 (' ⁄ ≅ 1.9) for 5 cycles. Similar to the drained specimen CID-
TXC229-4, specimen CIU-TXC229-4 experiences purely contractive behavior, as manifested in positive 
"B generation. There is no distinct indication that specimen CIU-TXC229-4 experiences a leveling off in "B 
either during loading or unloading. The accumulation of "Bis comparable for all cycles. Specimen CIU-
TXC229-4 experiences a slight linear increase in 8 9⁄  with each cycle, consistent with slight cyclic 
accumulation of "B. 
Figures 3.29 a, b, and c present the 1st, 3rd, and 5th cycles of loading for specimens CID-TXC229-4 and 
CIU-TXC229-4, in terms of 8, 8 9⁄ , and  "B (and +Gcd) from top to bottom, respectively. Here, the drained 
and undrained specimens demonstrate nearly identical stiffness as indicated by the slope of the stress-
strain curve. The volumetric strain response in the bottom figures shows that specimen CID-TXC229-4 
experiences very little, if any, accumulation of plastic +GcdQ  following the first cycle.  
Specimen CIU-TXC229-4, purely contractive behavior is observed during all cycles, as evidenced by 
increasing "B generation and 8 9⁄  < 1. The 8 9⁄  response for the drained and undrained specimens 
reach maximum values of 0.7 and 1.0, respectively, neither exceeding 8 9⁄  > 1.  For specimens prepared 
to  ≅ *v at both confining stress, the transition from contractive to dilative behavior occurred at 
values of 8 9⁄  > 1. It is therefore, again, no surprise that CIU-TXC229-4 never experienced such a 
transition during these 5 cycles of loading. The specimen also experiences consisitently linear, elastic 
unloading response. As show by the +GcdQ  and "B response in Figures 3.28b and c, the cyclic accumulation 




Figure 3.27 CID-TXC229-4:  =0.81 (=95%), 	
 =241 kPa, B=0.91, Cycles 6-7 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles indicate contractive-dilative transition 
Figures 3.30 present cycles 6-7 for CIU-TXC229-4 when sheared to the higher 8 9  ≅⁄  1.4 
(' ⁄ ≅ 2.8).  During the 6th cycle of loading, specimen CIU-TXC229-4 begins to experience a transition 
from contractive to dilative behavior, begin even more pronounced during cycle 7. 
The points of transition of contractive-dilative behavior occur at 8 9⁄ ≅ 1.3 and 1.4 for cycles 6 
and 7, respectively. This is consistent with behavior observed in the specimens prepared to   ≅ *v 
(i.e., transition from contractive to dilative behavior at values of 8 9⁄  > 1). Similar to CIU-TXC229-3 (i.e., 
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 ≅ ), the specimen appears to be approaching a contractive-dilative transition during the 
unloading portions of the final two cycles. 
 
Figure 3.28 CIU-TXC229-4:  =0.81 (=95%), 	
 =241 kPa, B=0.90, Cycles 1-5 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles indicate contractive-dilative transition 
Figures 3.31 presents the results from 5 cycles of an undrained, isotropcially consolidated test 
for specimen CIU-TXC152-4 loaded up to 8 9  ≅⁄  1.0 (' ⁄ ≅ 1.8). Both 8 9⁄  and "B response in this 
specimen compare well to the corresponding larger diameter specimen CIU-TXC229-4. The smaller 




Figure 3.29 . Cycles a) 1, b) 3, and c) 5: 
CIU-TXC229-4 (open markers), CID-TXC229-4(closed markers). 
Top::  vs. ∆, Center:  ⁄  vs. ∆, 
Bottom CIU-TXC229-2:  vs. ∆, CID-TXC229-2:  vs. ∆ 
As the accumulation of "Bis small, the 8 9⁄  ratio shows a slight linear increase to approximately 
1.0. Following 5 cycles, peak +* is approximately 0.20%, compared to 0.18% than in the larger diameter 
specimen. Specimens CIU-TXC152-4 and CIU-TXC229-4 generates excess pore pressures, "B ≅ 100kPa and 
90kPa, respectively. The unloading response of specimen CIU-TXC152-4 does not experience a 
contractive-dilative transition, and is consistently linear, elastic. 
Figure 3.32 shows the results from 6-7 cycles of for specimen CIU-TXC152-4 loaded up to 8 9  ≅⁄  
1.4 (' ⁄ ≅ 2.8). Again, the 8 9⁄  and "B responses of the smaller geometry specimen compare well to 
specimen CIU-TXC229-4. During the 6th cycle of loading, specimen CIU-TXC229-3 begins to experience a 





Figure 3.30 CIU-TXC229-4:  =0.81 (=95%), 	
 =241 kPa, B=0.90, Cycles 6-7 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 




Figure 3.31 CIU-TXC152-4:  =0.78 (=95%), 	
 =241 kPa, B=0.96, Cycles 1-5 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles indicate contractive-dilative transition 
The points of transition of contractive-dilative behavior occur at 8 9⁄ ≅ 1.3 for both cycles. As 
with CIU-TXC229-4, specimen CIU-TXC152-4 appears to approach a contractive-dilative transition during 





3.2.5 Elastic Parameters 
A secant Young’s modulus (2) was calculated during cyclic loading similar to ASTM D3999. Per 
ASTM D3999, this method allows for determination of a secant Young’s modulus from hysteresis loops 
provided that the peak-to-peak “closure error” (∆=) between cycles is <0.2% of the axial strain.  Here, 
none of the peak-to-peak  ∆= meet this criteria, and would be inadmissible if the intent were to obtain a 
design modulus. 
 
Figure 3.32 CIU-TXC152-4:  =0.78 (=95%), 	
 =241 kPa, B=0.96, Cycles 6-7 
closed circles indicate the beginning of the unload cycle, open circles indicate unloading, 
closed triangles indicate contractive-dilative transition 
91 
 
This method was used here to obtain approximate modulus values that would serve as the basis 
for initial input parameters for computational modeling. Representative modulus values are obtained by 
varying input 2 to match experimental results. 
Table 3.3 and 3.4 present secant 2 for drained specimens. Values of 2 were calculated for 
hysteresis loop up to both loading sequences, referred as 2¤'¼ and where d indicates drained, 1 
indicates the 1st loading sequence (8 9 ≅⁄ 0.7), and N is the cycle number, and 2¤(¼, 2 indicates the 2nd 
loading sequence (8 9 ≅⁄ 0.9),. To evaluate the geostatistical variability associated with modulus 
change during cyclic loading, both the range divided by the mean (X C ) and the coefficient of variability 
(Z¿À) were calculated for each data set obtained cycles up to the first loading sequences. Both metrics 
indicate low statistical variability.  
The values of 2 calculated duringr drained, cyclic loading demonstrates strain hardening for each 
combination of  −  .  Specimens CID-TXC229-1 and CID-TXC229-2 (i.e.,  ≅ *v) experience increases 
of stiffness of approximately 12% and 16%, respectively. Specimens CID-TXC229-3 and CID-TXC229-4 (i.e., 
 ≅ ) both experience increases of stiffness of approximately 6%. These specimens also exhibit 
values of 2 with notably lower statistical variability. Both lower stiffness increases and statistical 
variability is likely due to the nature of specimen preparation technique for dense samples (i.e., 
vibration under static load vs. dry pluviation), where there is more consistency and repeatability in 
establishing grain-to-grain contacts and similar soil fabrics.  It is worth noting that both specimens CID-
TXC229-3 and CID-TXC229-4 experience a leveling off in 2, indicating a steady state value in modulus. 
Upon loading to the 2nd loading sequence, all specimens experience a decrease in stiffness or 2 
value. Here, specimens are loaded to near 8 9 ≅⁄  1.0. From the data presented in the previous chapter, 
values of 8 9 ≅⁄  1 appear to induce the onset of plastic yielding.  Plastic yielding at these effective 
stress levels would account for a decrease in stiffness or modulus. 
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Table 3.3 Young’s modulus determined from CID-TXC tests, 




















 Ç  
ÈÉÊ 
[%] 
TXC229-1 69  1.02 0.7 104 110 113 115 116 0.11 4.50 
TXC229-2 241  1.00 0.7 178 194 202 206 210 0.16 6.47 
TXC229-3 69  0.83 0.7 178 184 187 189 189 0.06 2.43 
TXC229-4 241  0.81 0.7 293 302 307 308 310 0.06 2.28 
  
Table 3.4 Young’s modulus determined from CID-TXC tests, 











TXC229-1 69 1.02 
 0.9 98 
TXC229-2 241 1.00 
 2.4 187 
TXC229-3 69 0.83 
 2.4 182 
TXC229-4 241 0.81 
 2.4 309 
 
Using volumetric and axial strains, Poisson’s Ratio (T) was calculated for each cycle using Equation 3.3.  
T = '( 1 − +Gcd +*         (3.3) 
Figure 3.33 presents values of Poisson’s Ratio with each cycle for all of the drained specimens. 
During the loading sequence 8 9 ≅⁄ 0.7, both specimens CID-TXC229-1 and CID-TXC229-2 (i.e.,  ≅ *v) 
experience a fairly linear increase in T during the 1st three cycles, leveling off for cycles 4 and 5.  As 
specimens are loaded to 8 9 ≅⁄ 0.9 during cycle 6, both specimens experience increase in T due to the 
onset of plastic yielding. During cycle 7, the values of T decrease, indicating that the soil fabric has 
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stabilized to some degree allowing less plastic deformation. Specimens CID-TXC229-3 and CID-TXC229-4 
(i.e.,  ≅ ) experience relatively constant values of T during the first 5 cycles of loading. Although 
less pronounced in sample prepared to  ≅ *v), specimens CID-TXC229-3 and CID-TXC229-4  exhibit 
similar behavior with respect to the onset of plastic yielding and soil fabric stabilization during cycles 6 
and 7.  
 
Figure 3.33 Cyclic Poisson’s Ratio 
The values of 2¤  and T are used to calculate 0¤ and _, the drained bulk (Equation 3.4) and shear 
(Equation 3.5) moduli respectively, only for specimens prepared to  during the final cycle of the 1st 
loading sequence up to 8 9 ≅⁄ 0.7. Only these parameter are considered since they are relevant for 
void ratio and loading magnitudes selected for dynamic testing. Only the values from the final cycle are 
considered to minimize the influence of platen seating and plastic deformation. A summary of the sands 
elastic parameters when prepared to  are presented in Table 3.5. Elastic parameters obtained here 
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during drained axial compression compare well with those obtained during isotropic consolidation tests 
(see the following section) using an assumed Poisson’s ratio of 0.2. 
0 = M4' (Ë5        (3.4) 
_ =  M(4'®Ë5        (3.5) 
















CID-TXC229-3 69 0.83 189 0.18 98 80 
CID-TXC229-4 241 0.81 310 0.16 152 134 
 
A summary of secant 26 values calculated from undrained tests for specimens having 229mm and 
152mm diameters up to the 1st and 2nd loading sequences are presented in Tables 3.6 and 3.7, 
respectively. Here, the generation of excess pore pressure governs the ultimate effective stress ratio 
experienced for each specimen. The larger diameter specimens CIU-TXC229-1 and CIU-TXC229-2 (i.e.,  ≅
*v) experienced decreases in stiffness of approximately 26% and 19%, respectively. Following cycle 1, 
all of the secant 26 values for these specimens were taken at increasing 8 9⁄  ratios >1. A decrease in 
modulus for values of 8 9⁄ >1 is consistent with plastic yielding observed in the stress-strain behavior 
presented in the previous section. CIU-TXC152-1 and CIU-TXC152-2, prepared to similar void ratios, are not 
subject to 8 9⁄  > 0.7 and likely have not yet reached a point of plastic yielding. In fact, specimen CIU-
TXC152-1 shows a slight increase in stiffness with loading, while CIU-TXC152-2 shows no significant trend in 
stiffness gain or loss.   
The relationship of 8 9⁄ >1 and plastic yielding is further supported by modulus data from both 
229mm and 152mm diameter specimens pre pared to  ≅ . For these specimens, cyclic loading 
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never exceeds 8 9⁄ ≅ 1. All specimens demonstrate increases, all <6%, in secant modulus during cyclic 
loading. 
Table 3.6Undrained Young’s modulus determined from CIU-TXC tests, 




















 Ç  ÈÉÊ 
TXC229-1a 69 0.97 1.3 66 57 53 50 49 0.30 11.94 
TXC152-1 69 0.97 0.7 134 136 138 138 141 0.05 1.73 
TXC229-2 241 0.98 1.4 84 79 74 71 68 0.21 8.60 
TXC152-2 241 0.96 0.7 89 90 91 90 88 0.03 1.13 
TXC229-3 69 0.83 1.0 152 155 156 156 156 0.03 1.12 
TXC152-3 69 0.80 - - - - - - - - 
TXC229-4 241 0.81 1.0 300 310 315 316 317 0.05 2.24 
TXC152-4 241 0.78 1.0 312 318 320 321 322 0.03 1.33 
 
Although it appears that the larger diameter specimens demonstrated a wider variance in 
observed behavior, this is most likely attributed to the nature of soil fabric for specimens prepared at 
 ≅ *v. The heterogeneity in soil fabric at this void ratio has more of an impact on cyclic response 
with increasing specimen size. This is supported by data from larger diameter specimens prepared to 
 ≅  that demonstrate comparable variance in cyclic response with smaller diameter specimens. 
Presented in Table 3.7, all specimens are loaded beyond 8 9⁄  ratios of unity during the 2nd loading 
sequence. As suggested, beyond 8 9⁄ ≅ 1 specimens experience plastic yielding. Consequently, all 
specimens loaded during this sequence demonstrate decreases in modulus compared to the final cycle 




Table 3.7 Undrained Young’s modulus determined from CIU-TXC tests, 







   ÁÄ [MPa] 
ACU229-140 69 0.97 1.4 41 
ACU152-178 69 0.97 1.3 64 
ACU229-144 241 0.98 1.5 61 
ACU152-177 241 0.96 - - 
ACU229-148 69 0.83 1.3 125 
ACU152-167 69 0.80   
ACU229-152 241 0.81 1.4 243 
ACU152-168 241 0.78 1.4 239 
 
3.3 Isotopic Consolidation  
Two isotropically consolidated (CID) tests under drained conditions were performed to determine 
the sand’s bulk modulus (0). Each specimen was prepared to H:D ratio of 2:1 (229mm diameter by 
457mm height). Specimen CID-1 was prepared to a void ratio  = 0.98, representative of *v. Specimen 
CID-2 was reconstituted at a void ratio  = 0.82, representative of .  
Both specimens were backpressure saturated to Skempton’s B-values greater than 0.95. Specimen 
CID-1 was isotropically consolidated to a maximum effective confining stress of 360 kPa, while specimen 
CID-2 to 390 kPa. The two specimens were consolidated to different maximum effective confining 
stresses largely due to their respective backpressure and the maximum total confining stress capacity of 
the triaxial cell. Each specimen was isotropically loaded and unloaded three times (referred to as cycles 
1, 2 and 3) to  evaluate any volumetric plasticity (see Figures 3.34 and 3.35). Effective confining stresses 
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were applied to the cell as instantaneous pressure increments. Volumetric strains were recorded once 
excess pore water pressure had dissipated and the drained water mass measurement had stabilized.  
 
Figure 3.34 CID-1:  = 0.98. Consecutive load-unload isotropic consolidation cycles. 
a) CID-1-1, b) CID-1-2, and c) CID-1-3. Black markers indicate portions of the stress-strain 
unloading curve used to calculate . 
A summary of CID test results is presented in Table 3.8. The bulk moduli from the two CID tests 
(see Table 2) were calculated from the difference in volumetric strains recorded at confining stresses of 
150 and 360 kPa from the unloading portion of the stress-strain curves (see black markers plotted in 
Figures 1 and 2).  
Using the relations presented in equations 1 and 3 that assume isotropic properties, Young’s 
modulus and shear modulus were extracted from each cycle of the CID tests (see Table 3.2). An average 
Poisson’s Ratio of 0.2 was used based on the data obtained from drained cyclic loading. 
Direct calculation of 0¤ from CID stress-strain unloading curves demonstrates a strain hardening 
trend with respect to cyclic loading (see Table 3.2). In cases of small sample populations, the range 
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divided by the mean (X C ) of a data set is often used as a measure of statistical variance. The X C  
determine form moduli calculations for specimens CID-1 and CID-2 is 0.41 and 0.32, respectively. 
 
Figure 3.35 CID-2:  = 0.82. Consecutive load-unload isotropic consolidation cycles.  
a) CID-2-1, b) CID-2-2, and c) CID-2-3. Black markers indicate portions of the stress-strain 
unloading curve used to calculate . 
 
Values of X C  < 1 indicate low geostatistical variability. Moduli values increase with each cycle of 
isotropic loading, congruent with the accumulation of +GcdQ  and specimen densification during cyclic 
loading. 
The loading and unloading curves for the three cycles for each CID test are presented in Figure 
3.36 and 3.37, respectively. Axial strain values of the unloading portion of the curves are zeroed for 
comparison. For specimen CID-1 (*v), peak volumetric strain values decreased by approximately 0.8% 
















82 148 62 
CID-1-2 106 191 80 
CID-1-3 125 225 94 
CID-2-1 
0.82 
119 214 90 
CID-2-2 119 214 90 
CID-2-3 162 292 122 
 
Peak volumetric strain values for specimen CID-2 () decreased by approximately 0.2%. The 
value of 0 determined from the specimen prepared to *v (CID-1) increased from 82 to 125 MPa, a 
stiffness increase of approximately 52.9%. The value of 0¤ determined from the specimen prepared to 
 (CID-2) increased from 119 to 162 MPa, a growth in stiffness of approximately 36.0%. Increased 
stiffness in both specimens is consistent with its observed decreases in volumetric strain. 
 




Figure 3.37. Unloading curves: a) CID-1 and b) CID-2.  
Black markers indicate portions of the stress-strain unloading curve used to calculate . 
3.4 Monotonic Drained Axial Compression: Displacement Control 
Monotonic consolidated drained axial compression (M-CID-TXC) of specimens was performed 
using displacement-control to evaluate both elastic parameters and Mohr-Coulomb failure criteria. Tests 
were also performed to assess any influence that specimen geometry may have on material properties 
as well as stress-strain response. Tests were performed on 229mm diameter specimen at three effective 
confining stresses:  = 69, 155, and 241 kPa. For comparison, specimens having diameters of 152mm 
were tested at two effective confining stresses:  = 69 and 241 kPa, All specimens were backpressure 
saturated to B-values greater than 0.90. A summary of test parameters is presented in Table 3.9. 
Effective stress ratio (i.e., 8 9⁄ ) and volumetric strain with axial strain for 229mm diameter 
specimens at - = 69, 155 241 kPa  and 152mm diameter specimens at - = 69 and 241 kPa  are 
presented in Figure 3.38. 
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M-CID229-TX-1 0.80 241 0.93 
M-CID229-TX-2 0.82 155 0.96 
M-CID229-TX-3 0.81 69 0.98 
 M-CID229-TX-4 1.16 69 0.93 
152 
M-CID152-TX-1 0.80 241 0.98 
M-CID152-TX-3 0.80 69 0.91 
 
All specimens underwent an initial contraction and then clearly demonstrated dilative behavior. 
Figure 3.38 demonstrates that specimens initially contracted for increasing axial strain values with 
increasing effective confining stress. Contractive-dilative transition points are indicated by closed 
markers. For each magnitude of confining stress and for both specimen geometries, points of 
contractive-dilative transition correspond to a specimen’s response evolution beyond the point of 
plastic yielding, as evidenced by the asymptotic behavior in 8 9⁄  response. 
These tests were terminated due to the LVDTs measurement limitations. Because the volumetric 
strains continue to be monotonically increasing, it is assumed that the peak stresses (Q¡ ) and friction 
angles (nQ¡ ) have yet to be encountered. To confirm this assumption, specimen M-CID-TXC-4 was 
prepared to a void ratio greater than *v, referred to as ‘super critical’: %-=1.16, at  = 69 kPa to 
establish the critical state residual stress (-% )  and fiction angle (n-% ) for the sand. Effective stress ratio 
and volumetric strain the two 229 mm specimens (M-CID-TXC-3 and M-CID-TXC-4 ) sheared at  = 69 
kPa are presented in Figure 3.39.  
The specimen prepared to %- demonstrates purely contractive behavior for the entire loading 
schedule, approaching an asymptotic peak stress much lower than the specimen prepared to . This 
value is used to estimate -%  and used to calculate n-% . Peak and residual stress and friction angle data 
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for the 229mm specimens are presented in Table 3.10. Several authors have, however, stated the 
difficulty in measuring critical state parameters in dense sands [11][74][71][80], and it is worth noting 
that all of the elastic, critical state, and failure parameters determined here serve solely as initial value 
inputs for computational modeling. 
 
Figure 3.38 (a)  ⁄  and (b)  vs.  - 229 mm diameter 
Displacement Control. : 	
 = 69, 155, and 241kPa,   
For comparison, the results for effective stress and effective stress ratio at : - = 69 and 241 kPa 
for both 229mm and 152mm diameter specimen geometries are plotted in Figure 3.40 and 3.41, 
respectively. Peak and residual stress and friction angle data for the 152mm specimens are also 
presented in Table 3.10. For - = 69kPa, the responses of both specimen geometries during both 
loading and unloading are nearly identical. Figure 3.42 presents Mohr-Coulomb visualization of all of the 




Figure 3.39 (a)  ⁄  and (b)  vs.  - 152mm diameter 
Displacement Control. : 	
 = 69 and 241kPa,   
 
Figure 3.40 (a)  ⁄  and (b)  vs.  - 229 mm diameter 
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M-CID229-TX-1 0.80 69 373 43° - - 
M-CID229-TX-2 0.82 155 751 41° - - 
M-CID229-TX-3 0.81 241 1228 42° - - 
 M-CID229-TX-4 1.16 69 - - 117 15° 
152 
M-CID152-TX-1 0.80 69 348 42° - - 




Figure 3.41 Effective Axial Stress vs. Axial Strain: a)   	
 = 241kPa, b)  	
 = 69kPa 





Figure 3.42 Effective Stress Ratio vs. Axial Strain: a)   	
 = 241kPa, b)  	
 = 69kPa 
 (229mm and152mm diameter specimens) 
 




Monotonic and cyclic, i.e.,  < 0.2Hz, tests were performed to investigate cyclic stress-strain and 
excess pore pressure response in large geometry specimens, benchmark the experimental test 
apparatus developed in the previous chapter, and characterize the sand with respect to elastic 
parameters for use in computational modeling. This chapter presented the results of the following 
triaxial tests: 
• Cyclic Drained (CID-TXC) and Undrained (CIU-TXC) Axial Compression: Stress-Control 
• Isotropic Consolidation (CID) 
• Monotonic Drained Axial Compression (M-CID-TXC): Displacement-Control 
Table  presents the test matrix of target void ratio and effective stress combinations investigated in this 
chapter.  
Table 3.11 Test matrix: target void ratio and effective confining stress combinations 








0.80 69 241 
1.00 69 241 
 
Table  present a summary of cyclic CID test results with respect to 8 9⁄ , +*, and +Gcd. For drained 
testing, there is no accumulation of excess "B and 8 9⁄  remains relatively constant for cyclic loading at 
both the lower and higher effective stress ratios. Only the values of 8 9⁄ , +*, and +Gcd  are presented 
following 5 and 2 cycles to the lower and higher effective stress ratios. 
From the data presented in Table  and the discussion presented in the following sections, the 
following conclusions can be made: 
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• Regardless of initial conditions (i.e., void ratio and confining stress), specimens loaded to 8 9⁄ ≅
0.70 exhibited pure contractive behavior during loading and unloading 
Table 3.12 Drained – cyclic CID test result summary 
Initial 
Conditions 
Specimen ID 8 9⁄  +* +Gcd  C-D1 8 9⁄  +* +Gcd  C-D1 
*v, 
69kPa 
CID229-TX-1 0.70 0.20 0.19 C 0.95 0.40 0.31 C2 
*v, 
241kPa 
CID229-TX-2 0.71 0.51 0.73 C 0.95 0.96 1.14 C2 
, 
69kPa 
CID229-TX-3 0.71 0.04 0.07 C 0.96 0.09 0.10 C 
, 
241kPa 
CID229-TX-4 0.71 0.17 0.14 C 0.96 0.28 0.20 C 
NOTES: 
1. C – contractive, D – dilative 
2. Dilative tendency during unload 
• Specimens prepared to  ≅ *v and loaded to 8 9⁄ ≅ 0.95 experienced pure contractive 
behavior during loading, and presented the onset of a tendency to dilative behavior during 
unloading. 
• Specimens prepared to  ≅  and loaded to 8 9⁄ ≅ 0.96 experienced pure contractive 
behavior during loading and unloading. 
• Increasing trends in +* and +Gcd  are consistent with respect specimens having decreasing void 
ratio and increasing confining stress. 
Table  presents a summary of cyclic CID test results with respect to 8 9⁄ , +*, and "B. As excess "B 
accumulates during cyclic loading, 8 9⁄  also tends to increase with each cycle.  For the five cycles at the 
lower effective stress ratio, values of 8 9⁄ , +*, and "B for the first and fifth cycle are presented in Table . 
Only the results from the final cycle of loading to the higher effective stress ratio are presented. 
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From the data presented in Table  and the discussion presented in the following sections, the 
following conclusions can be made: 
• CIU229-TX-1a and  CIU229-TX-1b tested at  ≅ *v, =69kPa were backpressure saturated to 
` = 0.91 and 0.97, respectively. Both specimens experienced similar development of 8 9⁄ , +*, 
and "Bduring cyclic testing to both the lower and higher effective stress ratios. There is no 
evidence to conclude that the degree of saturation negatively impacted the response 
experienced by CIU229-TX-1a, i.e., ` = 0.91.  
Table 3.13 Undrained – cyclic CIU test result summary 
Initial 
Conditions 


























































































C 1.40 0.55 117 D 
NOTES: 
1. C – contractive, D – dilative 
2. Dilative tendency during unload 
• CIU152-TX-1a and CIU152-TX-1b tested at  ≅ *v, =69kPa were backpressure saturated to = 
0.90 and 0.99, respectively. Both specimens experienced similar development of 8 9⁄  and +*; 
however, CIU152-TX-1b (` =0.99) did experience significantly higher excess  "B following five 
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cycles of loading to the lower effective stress level (8 9⁄ ≅ 0.7). CIU152-TX-1b also demonstrated 
the onset of a tendency towards a dilative response during unloading. CIU152-TX-1a experienced 
purely contractive behavior during cyclic loading at the lower effective stress level. Both 
specimens experienced similar development of 8 9⁄ , +*, and "Bduring cyclic testing to the 
higher effective stress ratios. Both specimens experienced a distinct transition during both 
loading and unloading during loading to the higher effective stress ratio (i.e., 8 9 ≅ 1.3 > 1⁄ ). It 
appears that the effect of the specimen’s degree of saturation was more significant at lower 
effective stress ratios. 
• All CIU229-TX cycles of loading tested at  ≅ *v (i.e., =69 and 241kPa) that attained a 
8 9 > 1⁄  demonstrating a distinct transition from contractive to dilative response during both 
loading and unloading. 
• All CIU229-TX cycles of loading tested at  ≅  (i.e., =69 and 241kPa) attained 8 9 < 1⁄  
during cyclic loading to the lower effective stress level, demonstrating pure contractive behavior 
during loading and unloading. Upon loading to 8 9 > 1⁄ , both specimens demonstrated distinct 
transition from contractive to dilative response during both loading and unloading. 
Figure  presents a summary of contractive and dilative data in 8 9⁄  space for both drained and 
undrained specimens having diameters of 229 and 152mm. Drained specimens are plotted with respect 
to maximum  +Gcd  experienced either after five or two cycles of loading to the lower and higher effective 
stress ratios, respectively. Similarly, undrained specimens are plotted with respect to maximum "B after 
the final cycles of each effective stress loading sequence. It is worth mentioning that maximum "B 
occurs at the end of a purely contractive cycle.  For specimens that transition from contractive to 
dilative response, the maximum "B reported occurs at the point of transition. Closed, black markers 
indicate purely contractive behavior during both loading and unloading. Open markers indicate the 
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specimen transitioned from contractive to dilative behavior during both loading and unloading. It is 
evident that specimens experience contractive response for 8 9 < 1⁄ , with a consistent transition to 
dilative behavior for effective stress ratios in excess of unity. These specimens experience a transition 
during both the loading and unloading portions of stress-strain curves. 
 
 
Figure 3.44 Summary of CID and CIU results in  ⁄  space vs.   
Three specimens, one undrained and two drained, experienced purely contractive response during 
loading yet demonstrated the onset of a transition from contractive to dilative behavior during 
unloading. These specimens are indicated by gray-colored markers in Figure . The undrained specimen 
demonstrated onset of contractive-dilative transition during unloading at a relatively low effective stress 
ratio, i.e., 8 9 = 0.6⁄ . The onset of a contractive-dilative transition at such a low 8 9⁄  ratio seems 
anomalous. The undrained specimen ultimately experienced a distinct, contractive-dilative transition at 
111 
 
8 9 > 1⁄ . The two drained specimens indicated the onset of the transition in the vicinity of 8 9 = 1⁄ . 
This is consistent with the onset of transition for specimens that experienced complete response 
alteration. Presumably, had the two drained specimens been loaded in beyond of 8 9 = 1⁄ , a distinct 
contract-dilative transition would have been observed.  
3.6 Conclusions 
The following conclusions can be made given the results presented in this chapter. 
• Specimen preparation and response demonstrated very low statistical variability. The COVs 
reported for specimen preparation repeatability, stress-strain and excess pore pressure 
response, in addition to the elastic parameters determined from the data in this chapter exhibit 
COVs less than 12%. 
• Specimens prepared to 0.9 < ` < 0.95 did not indicate any conclusive evidence that the 
response was detrimentally impacted by the degree of saturation when compared to specimens 
prepared to ` < 0.95. 
• Accumulation of plastic volumetric strain (+GcdQ ), and consequently excess pore pressure ("B), can 
be significant during undrained cyclic loading. 
• The transition from contractive to dilative behavior indicates the onset of plastic yielding during 
both loading and unloading.  
• The point of transition corresponds to a 8 9 ≅ 1⁄  during loading.  
• There is no clear threshold for the point of transition during unloading, but 
appears to occur earlier in the unloading portion with additional cyclic loading. 
• Both loading and unloading curves demonstrate a linear portion up to the point 
of transition, where the onset of plastic yielding occurs. 
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• The point of transition can be clearly identified in 8 9⁄  space as axial strain 
yields in almost perfect plasticity with no additional increase in effective stress 
ratio. 
• The point of transition also corresponds exactly with the point of changing 
trends in "B, indicating either increasing or decreasing excess pwp generation. 
• Smaller geometry specimens prepared with diameters of 152mm demonstrated 





DYNAMIIC TRIAXIAL TESTING 
4.1 Introduction 
A considerable amount of the research on geomechanical attribute dispersion with respect to 
attenuation and modulus has been performed within the ultrasonic frequency band, e.g., 
[81][82][26][83][3][41], etc. These studies typically investigate dispersion behavior in rock specimens, 
primarily because the small grain size of most rocks permits examination using very short wavelengths, 
i.e., high frequencies. Ultrasonic frequency testing also permits the use of relatively small geometry 
specimens [83]. Ultrasonic testing is facilitated by employing piezoelectric crystals, which are both easy 
to work with as well as being comparatively inexpensive to low frequency, mechanical stress-strain 
excitation devices.  
Geotechnical engineering, petroleum engineering and geophysical applications, such as 
underwater vibratory soil compaction, harmonic reservoir massaging, harmonic hydraulic pumping and 
field seismic surveys, e.g., [84][12][85][86], require characterization across a much lower frequency 
band, i.e., within the seismic range 0-100 Hz [4][2] to infer geomechanical properties and possibly their 
dynamic evolution. For example, inclusion of attenuation data, often omitted due to lack thereof, in 
seismic modeling provides additional information on lithology as well as fluid content [2]. The sparse 
research that has been performed within the seismic frequency band demonstrates that dynamic 
response cannot simply be extrapolated from dispersion results obtained at ultrasonic frequencies [2]. 
Adequate comparison across studies is further complicated by the fact that testing frequency, material 
type and specimen geometry vary significantly [7]. Additionally, dispersive characterization of saturated 
soils, rather than of rock specimens, within the seismic frequency band, has been limited [2][3]. 
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This chapter presents experimental results of dynamic triaxial testing to investigate dispersion in a 
water-saturated sand within a low frequency band, i.e., 1-30 Hz. An innovative laboratory testing setup 
was developed (described in chapter 2) to perform dynamic, stress-strain excitation at 1, 10, 20, and 
30Hz. Tests were performed for 30-60 second durations at each frequency. A test at a single frequency is 
referred to herein as a ‘sequence’. Sequences from 1-30Hz were performed consecutively under 
undrained and drained conditions on the same specimen Specimens were prepared to  ≅  and 
tested at  ≅ 69 and 241 kPa, similarly to the methods described in chapter 3.  All specimens used in 
dynamic testing were prepared to Skempton’s ` ≥ 0.99. 
During the dynamic undrained test sequences, specimens experienced an accumulation of excess 
PWP ("B), during each test sequence and between sequences. Similarly during drained test sequences, 
specimens experienced an accumulation of plastic volumetric strain (+GcdQ ). Section 4.4.1 presents results 
with respect to accumulation of "B and +GcdQ  during dynamic testing. Tendencies in accumulation of "B 
and +GcdQ  are consistent with the results from cyclic (i.e., <0.1Hz) triaxial testing presented in chapter 3. 
Trends with respect to the accumulation of "B and +GcdQ  were removed for analysis of dynamic response 
as presented in sections 4.4.2 and 4.4.3. 
Results from dynamic testing revealed limitations with respect to the triaxial cell’s drainage 
configuration. The upper and lower platens were plumbed together and connected to a reservoir via 
3.2mm (1/8-inch) diameter tubing, see Figure 4.1. Drainage lines were open during drained testing, and 
closed during undrained testing. This configuration sufficed to allow complete PWP dissipation during 
drained, quasi-static testing as described in chapter 3. During drained and undrained dynamic testing, 
specimens experienced nearly identical oscillatory response with respect to "B generation, indicating 
that the dimension of the test chamber reservoir plumbing did not allow for drained conditions during 
dynamic loading. Since the test apparatus did not permit oscillatory drainage, both dynamic undrained 
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and drained results are presented for direct comparison (with trends in accumulation of "B and +GcdQ  
removed) to demonstrate experimental repeatability for a given combination of void ratio and confining 
stress.  
 
Figure 4.1 Specimen drainage plumbing 
Three miniature PWP transducers (described in chapter 2) were embedded in the cylindrical sand 
specimens at ¾, mid and ¼ heights along the central axis, referred to herein as PWP-1, PWP-2, and PWP-
3, respectively (Figure 4.1). The plumbing configuration with respect to the upper and lower platen also 
appeared to create specimen boundary effects that impact PWP measurements. The transducers at ¾ 
and ¼ height, PWP-1 and PWP-3, consistently read in phase with comparable amplitudes during drained 
or undrained dynamic testing for each of the frequencies tested. The PWP-2 transducer, embedded at 
mid-height, demonstrated consistent amplitude and phase differences with respect to both PWP-1 and 
PWP-3 with increasing frequency.  
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Impacts that boundary conditions may have on PWP measurement, and consequently 
attenuation, in saturated specimens can be attributed to the Biot-Gardner effect [88]. Therefore, 
measurements recorded from PWP-1 and PWP-3 are used as a reference, rather than an absolute, for 
comparison with PWP-2 to characterize dispersion. It is assumed that the response difference between 
either PWP-1 or PWP-3 and PWP-2 is representative of material dispersion, being minimally influenced 
by specimen boundary conditions.  
This chapter presents the results from dynamic drained and undrained testing for specimens 
prepared to to  ≅  and tested at  ≅ 69 and 241 kPa. Attenuation and modulus dispersion with 
respect to dynamic stress-strain and PWP response is characterized using a Cole-Cole model following 
others as presented by the literature (see section 4.2 for discussion). A dynamic Skempton’s W 
parameter is calculated to assess frequency dispersion of the stress distribution with respect to the soil 
and saturating water (see section 4.2 for discussion). 
4.2 Background 
Attenuation and modulus dispersion (i.e., frequency dependence) are caused by anelastic losses 
associated with the conversion of mechanical energy to heat during seismic wave propagation [89][90]. 
Both attenuation and modulus demonstrate frequency-dependent behavior that can be characterized 
for local or discrete frequency bands. Understanding amplitude and phase dispersion enables direct 
inference into a soil or rock’s geomechanical properties [7] as well as characteristic hydrological 
properties of the saturating pore fluid [1].  
Much of the dispersion research on the dynamic, steady-state response of saturated porous 
media has been performed in the context of Biot’s small-strain, linear theory of elastic wave 
propagation for porous media [25][24]. Although Biot’s poroelastic theory is comprehensive to extend 
into the quasi-static range [22], it’s true power lies in the ability to characterize viscous and inertial solid-
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fluid coupling with respect to a material’s specific characteristic frequency (,-) (discussed in Chapter 1) 
[25]. A material’s characteristic frequency often lies in the kHz to MHz ranges. Biot’s theory predicts an 
attenuation peak in the vicinity of ,- delineating between viscous and inertial energy dissipation 
regimes. The transition between viscous and inertial coupling regimes corresponds to a peak relaxation 
time (i.e., zK = ,- ') in the material’s characteristic frequency band. Biot’s theory effectively captures 
the response associated with this relaxation mechanism, and the viscous-inertial coupling physics 
behind the mechanism are widely understood and accepted.  
One of the primary assumptions in Biot theory is viscous, laminar flow (referred to as Biot flow), 
specifically of Pouseille type flow, within the low frequency regime (see Figure 4.2). The assumption of 
Pouseille flow breaks down above the material’s transition frequency (,.) [24]. Not to be confused with 
,-, above ,. (≪ ,-) pore fluid flow begins to demonstrate turbulence. Part of the pore fluid becomes 
entrained with the oscillatory motion of the solid as a wave propagates through the media. With Biot 
flow, fluid entrainment is generally attributed to viscous friction and inertial coupling mechanisms 
associated with relative solid-fluid motion. These mechanisms dissipate energy and cause dispersion of 
geomechanical attributes.  
 
Figure 4.2 Schematic of Biot flow and Squirt flow, and inertial and viscous coupling mechanisms 
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Squirt flow is a mechanism that can physically be interpreted as pore fluid squirting out of or 
between small cracks resulting from deformations, specifically pore space compression, associated with 
a seismic or acoustic wave excitation [90] (see Figure 4.2). Squirt flow mechanics occur simultaneously 
with Biot flow, but dominate energy dissipation mechanisms within the low frequency range (i.e., up to 
kHz-MHz). Unlike Biot flow, fluid movement associated with squirt flow is transverse or perpendicular to 
the direction of an idealized planar P-wave propagation (see Figure 4.2).  
Consideration of squirt flow mechanism yields higher, more realistic attenuation and modulus 
dispersion values than those predicted by Biot’s theory. Higher attenuation results from the fact that, 
while Biot’s theory predicts solid-fluid coupling at low frequencies and out of phase motion at high 
frequencies, squirt flow predicts decoupling at low frequencies. In fact, at high frequencies fluid 
response is unrelaxed rendering squirt flow mechanics inoperable [90]. Dvorkin et al. present a 
combined Biot-squirt flow model which adequately captures attenuation peaks and modulus dispersion 
for various saturated rocks in the vicinity of 0.1MHz [91]. Like Biot’s characteristic relaxation, squirt flow 
mechanics are widely accepted. 
The literature has demonstrated relaxation peaks in saturated soils and rocks occurring in several 
frequency bands below Biot’s characteristic frequency ,-, e.g., [2][87][4][11]. Often, dispersion results 
are presented for given relaxation mechanism, or bandlimited frequency range, with no concrete 
understanding or discussion of the possible underlying physics. Especially in soils like sands, relaxation 
mechanisms can be due to any number of phenomena, e.g., grain rotation, grain-to-grain contact 
amplification, stress arching, cataclasis (grain damage), or acoustic emissions associated with 
microseisms to name a few. Prasad ([3],2002) notes a lack of systematic laboratory characterization of 
dispersive mechanisms in unconsolidated granular materials at pressures below 1 MPa[4][3]. The vast 
majority of this research has been performed within the ultrasonic frequency, i.e., between 100 kHz and 
1 MHz. The sparse research that has been performed within the seismic frequency band demonstrates 
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that dynamic response cannot simply be extrapolated from dispersion results obtained at ultrasonic 
frequencies [2]. 
There is a considerable amount of contemporary research being done in low frequency bands to 
better understand relaxation mechanisms other those associated with Biot and squirt flow. 
Experimental dispersion research has been primarily focused on characterizations of consolidated rocks 
[2], rather than sands or gravels [11][3]. The research presented here adds to the body of knowledge 
regarding low frequency relaxation dispersion, specifically with respect to dynamic loading of saturated 
sands from 0-30Hz at confining pressures of 69 and 241kPa. 
This research identifies a relaxation mechanism for this sand reconstituted to the material’s  ≅
 at both of the confining stresses tested in the 1-30Hz band. Stress () and strain (+) at steady state 
can be represented by a harmonic time dependence of the form ., equations (4.1) and (4.2) where 
\ = √−1 denotes a pure imaginary number, ) represents the angular frequency, and ; 
represents time. 
 = K.          (4.1) 
+ = +K.         (4.2) 
A dynamic system may be characterized by a complex modulus relating stress and strain as presented in 
equation (4.3) 
2∗4)5 = 2 + \2 = ÐÑBÒÓ°pÑBÒÓ°        (4.3) 
where 2 and 2 represent the real XÔ2∗4)5Õ and imaginary I$Ô2∗4)5Õ components, respectively. 
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Attenuation, represented as the inverse of the quality factor EM ', is generally attributed to stress 
relaxations in the soil or rock mass. Attenuation is measured in terms of EM ' is the tangent of the phase 
lag LM , equation (4.4) observed between the input force and the displacement response of the specimen 
at the upper platen. Due to the presence of a saturating fluid, the saturated sand specimen can be said 
to behave viscoelastically. Strictly speaking, elastic materials do not exhibit a phase response with 
respect to stress-strain behavior, i.e., LM = 0. A purely viscous fluid can experience a phase approaching 
LM = £(. In the case of a viscoelastic response, LM  is bounded by these lower and upper limits [92]. 
Equation (4.4) also demonstrates the relationship between the quality factor and phase to the ratio of 
the imaginary I$Ô2∗4)5Õ and real XÔ2∗4)5Õ components of the complex modulus.  
'
}Ö45 ≈ ;Ø[LM ≈ 
ÙÔM∗45Õ
~BÔM∗45Õ      (4.4) 
Cole and Cole (1941, [93]) proposed an empirical model to characterize dispersion in dielectric 
materials that has been effectively applied elastic properties, e.g., [2][94]. From the Cole-Cole model, 
stress relaxation can be characterized by expressing a complex modulus as a function of four fitting 
parameters, equation (4.5) 
 2∗4)5 =  2P +   MÑ MÚ'® ¯¯¢
ÛÜÝ      (4.5) 
where )N is the relaxation frequency, / is an empirical fitting parameter, and 2K and 2P correspond to 
steady state values of moduli at low and high frequencies with respect to particular relaxation 
mechanism. It is important to note the terms low and high are used qualitatively. They do not reference 
states of 'static' and 'infinite' frequency [2], but are specific to the given relaxation mechanism. The 2K 
and 2P parameters are estimated from the experimental data. Experimental data demonstrate that 
relaxation behavior cannot be described by a unique value. The / parameter accounts for the broadness 
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observed in relaxation times and can be fit using experimental data based upon the distribution of 
relaxation times [2][94]. Here, experimental dynamic modulus dispersion data are fit using the real 
component XÔ2∗4)5Õ of equation (4.5). Attenuation dispersion data are fit using the relationship 
between XÔ2∗4)5Õ and I$Ô2∗4)5Õ as presented in equation (4.4). 
In this research, attenuation and a storage modulus is also characterized with respect to PWP 
response measured at different locations spatially inside of a specimen. Similar to stress and strain, the 
"B response can be represented as a harmonic time dependence of the form ., see equation (4.6). A 
storage modulus with respect to "B can also be defined with respect to stress as shown by equation 
(4.7). A storage modulus with respect to stress is determined for each of the PWP-1, PWP-2, and PWP-3 
transducer locations. 
"B = "K.         (4.6) 
267∗ 4)5 = 267 + \267 = ÐÑB
ÒÓ°
6ÑBÒÓ°      (4.7) 
Here, a quality factor related to pore pressure attenuation will be referred to as E67 ', with an 
associated phase angle of L67 . As previously mentioned, measurements obtained from PWP-1 and PWP-
3 are used as a reference for attenuation determination. PWP attenuation is E67 ' is determined by 
comparing the L67  between transducer combinations PWP-1:PWP-2 and PWP-3:PWP-2.    
Finally, this research presented a unique opportunity to evaluate a dynamic Skempton’s W 
parameter [95]. Skempton presented two pore water pressure parameters that provide a means for 
estimating the actual stress distribution between the pore water and the soil skeleton. If the increases in 
principal stresses are known, the increase in pore pressure due to an external load can be determined 
using equation (4.8). 
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∆" = `4∆ + W4∆' − ∆55       (4.8) 
where ∆" is excess pore pressure, ∆ is the change in the minimum principal stress, ∆' is the change 
in the maximum principal stress, and W and ` are Skempton’s pore pressure parameters. 
Skempton’s ` parameter relates to a soil’s degree of saturation, or more specifically the 
compressibility of the soil skeleton with respect to the fluid (possibly including air and water). In the 
case of a fully saturated soil where the water is assumed essentially incompressible, the B parameter is 
taken to be one [95].  Skempton’s ` parameter is often used to determine if a specimen is fully 
saturated prior to shearing in triaxial testing. The ` parameter is calculated by measuring increases in 
pore pressure (∆") resulting from incremental isotropic total stress applications (∆) during 
backpressure saturation by equation (4.9). 
` = ∆6∆ÐÞ         (4.9) 
Skempton’s W parameter is related to the soil’s consolidation state, or stress history [96].  A soil’s 
current state of consolidation directly affects the manner in which the distribution of stress will be 
imparted between the soil skeleton and water phase during shearing. The W parameter is determined 
experimentally from triaxial testing in the case of axial compression using equation (4.10). Peak-to-peak 
oscillatory amplitudes are used as PWP and stress increments over 25, 70, 150, and 200 cycles for 
excitation frequencies of 1, 10, 20 and 30 Hz, respectively. 
W = ∆6∆ÐÛ         (4.10) 
Typically, the W parameter is only reported at failure following triaxial testing, being an indication 
of soil type and stress history.  In this study, the W parameter is calculated during dynamic loading to 
asses both harmonic stability and frequency dispersion. Since the W parameter is very sensitive to strain 
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[96], it is of interest to see the stress distribution response at the low strains presented here for dynamic 
loading in the 1-30Hz band. Characterization of a dynamic W parameter provides insight in to the 
harmonic stress-strain response with respect to the soil’s stress state and the proximity or tendency to 
approach failure. In particular, dynamic W parameter characterization benefits analyses of liquefaction 
potential associated with seismic design and construction. 
4.3 Signal Processing 
Signals acquired during experiments performed in a laboratory can contain significant amounts of 
noise. Signals must be digitally processed to remove noise and isolate the data of interest. As previously 
mentioned, data acquired using the FlexTest40 was digitally filtered using a built-in Bessel filter option 
with a cut off frequency of 50Hz. This filter was applied prior to recording data, and consequently the 
raw data from force and LVDT measurements are not available. This filtering option was recommended 
by MTS based on their previous experience with other customers. 
The PWP transducer data were acquired raw using the NIDAQ (discussed in chapter 2) and post 
processed in Matlab. An example data set for PWP-1, PWP-2 and PWP-3 from consecutive, dynamic test 
sequences performed at four frequencies (i.e., 1, 10, 20, and 30 Hz) is presented in Figure 4.3. Despite 
attempts to shield electronics, it is clear that the presence of noise is significant. The frequency 
spectrum for each transducer indicates the presence of the primary excitation frequency for each of the 
test series, in addition to the presence of noise. 
To isolate the signals of interest, a bandpass Butterworth filter was applied to each of the 
individual series. Filtering data performed at 1Hz was done using a 2nd order filter with a pass band of 
0.1 to 2 Hz. All other frequencies were filtered using a 3rd order filter with a pass band of +/- 2Hz across 
the primary frequency (i.e., input frequency). The pass band for each filter was designed to ensure that 
the filter response was flat across the primary frequency. All filters were applied in the time domain, 
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forwards and backwards, to ensure zero phase distortion. An example of the frequency response for the 
10Hz bandpass, 2nd order Butterworth filter is presented in Figure 4.4. 
 
Figure 4.3 Raw Data. a) Time Histories b) Frequency Spectra for PWP-1, PWP-2, and PWP-3  
(top to bottom, respectively 
In addition to the 3 embedded pore pressure transducers, two transducers (PWP-4 and PWP-5) 
are plumbed with the upper and lower platens outside of the cell in line of the tubing connecting to the 
water reservoir. This configuration of pore pressure transducers is common for most triaxial tests, as the 
pressure measured in water lines exterior to the cell is evidently representative of the specimen’s 
internal pore pressure for quasi-static loading. This is not the case during dynamic loading. The 
amplitude and phase measurements of these signals is dynamically influenced by the 3.2mm (1/8-inch) 
tubing. Consequently, these transducers are not used in the following analysis of dynamic soil response. 
Signal conditioning of all of the transducers revealed differences, however, in the post-filtering 
time histories with respect to possible scattering and non-linearities observed in the embedded 
125 
 
transducers PWP-1, PWP-2 and PWP3. The raw data from both the external, inline and the soil-
embedded transducers contained noise. 
 
Figure 4.4 10Hz bandpass, 2nd order Butterworth filter frequency response 
For a given frequency, all signals were processed using the same digital filters. Filtered data from 
transducers PWP-4 and PWP-5 was very clean with respect to the primary frequency. An example of 
time record with a primary frequency of 10 Hz for PWP-4 after filtering in both time and frequency 
domain is presented in Figure 4.5. 
Examination of the filtered response of the embedded transducers reveals a persistent 
modulation over the primary frequency (see Figure 4.6). This modulation clearly does not impact the 
sensors exterior to the specimen. It is without doubt that the electronics of the embedded sensors 
tended to contain higher quantity of noise. However, presumably records subject to the same digital 
signal conditioning should result in similar filtered outputs. By comparison with Figure 4.5, it is clear that 
the modulation seen in the embedded transducers is not an effect of the filtering process, but rather a 
real part of the recorded data. The modulation also does not appear to be periodic. As can be seen by 
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both the time history and frequency spectra, the primary frequency remains preserved. The modulation 
was evident in each of the soil-embedded PWP transducers, at each excitation frequency and for both 
confining stresses. Table 4.1 presents the percent influence the modulation has on excess PWP ("B) with 
respect to a test sequences peak-to-peak amplitude. 
 
Figure 4.5 Post-filtering response for a 10Hz time history recorded by PWP-4, 	
 =69kPa 
The data recorded at =69kPa is the most influenced by the modulation. It will be shown in the 
following analysis that the phase dispersion in the pore pressure transducer data is rather irregular, 
although within statistical reason. It is hypothesized that at the lower confining stress the sand is less 
compact, allowing for more irregular pore space compression during excitation. Effects associated with 
grain rotation or displacement may be causing reflections or scattering. It is difficult to speculate the 
exact source of the modulation, whether it be from scattering, reflections, cataclasis, or some other 






Figure 4.6 Post-filtering response for a 10Hz time history recorded by PWP-3,  	
 =69kPa 

























4.4 Dynamic Axial Compression 
Dynamic axial compression tests were performed on specimens prepared to approximately ≅
 at  =69 and 241 kPa having diameters of 152mm and 229mm. Specimens were subject to axial 
loading with excitation frequencies of 1, 10, 20, and 30 Hz. Test durations ranged from 30 to 60 seconds 
at each frequency. Peak-to-peak vibration loading schedules were specified for multiple oscillatory 
amplitudes at various effective stress ratios (8 9⁄ ). Only the results from a specimen having a diameter 
of 229mm loaded to approximately 0.3 < 8 9 <⁄  0.6 are presented here. Tests were performed at each 
confining stress with upper and lower platen drainage lines closed and open, referred to as undrained 
and drained conditions in the following sections. Frequency test sequences from 1-30Hz were 
performed consecutively under undrained and drained conditions on the same specimen in the 
following order: 
• Undrained -  = 69kPa 
• Drained -  = 69kPa 
• Undrained -  = 241kPa 
• Drained -  = 241kPa 
As previously mentioned, analysis of dynamic response demonstrates no significant difference 
between drained and undrained results after de-trending the data with respect to +GcdQ  and "B 
accumulation. Since the test apparatus did not permit drained dynamic loading, both undrained and 
drained results are presented for direct comparison to demonstrate experimental repeatability of a 
given combination of void ratio and confining. Specific test sequences with respect to confining stress, 
drainage, and frequency are referred to using the following notation, for example, a drained test 




Equipment limitations, with respect to both mechanical vibration capabilities and pore pressure 
transducer frequency response, restricted data analysis to frequencies ≤ 30Hz. Biot’s characteristic 
frequency for this sand is 10kHz. The data clearly demonstrate a consistent trend towards a peak in 
attenuation in the 1-30Hz band, indicating a stress relaxation that is not associated with Biot flow. 
Attenuation and storage modulus data with respect to stress, strain, and PWP as described in the 
proceeding section are reasonably fit using the Cole-Cole distribution, again indicating low frequency 
stress relaxation. The analysis presented here is limited to stress relaxation identification, leaving 
speculation regarding the underlying mechanism.  
4.4.1 Plastic Strain and Excess PWP Accumulation 
The results presented in chapter 3 on cyclic loading (i.e., <0.1Hz) demonstrated significant trends 
in the accumulation of plastic volumetric strain ( +GcdQ ) and excess PWP ("B). The cyclic tests presented in 
chapter 3 were performed at 8 9⁄  ratios ranging between 0.7 and 1.7.  In an attempt to restrict the 
dynamic study to the sand’s elastic response, the tests presented in this chapter were performed at 
effective stress ratios between 0.3 < 8 9 <⁄  0.6. Despite the selection of relatively low 8 9⁄  loading 
schedules, both drained and undrained specimens demonstrated tendencies to accumulate +GcdQ  and "B. 
As mentioned, the displacement (L*) data are filtered at the time of acquisition by MTS controller 
system using a Bessel filter with a cutoff frequency of 50Hz. For the PWP transducers, it was found that 
the most effective digital filters for processing the oscillatory "B data were band pass filters having a 
narrow pass band in the vicinity of the excitation frequency. Band pass filters inherently remove any DC 
component of the digital signal. Consequently, the dynamic analysis of the "B data presented in the 
following sections are zeroed by the nature of the digital filtering (i.e., the DC offset associated with 
backpressure saturation is removed). Band pass filtering also flattens trends in the accumulation "B, 
emphasizing the oscillatory nature of the specimen’s response. 
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In this section to investigate a trend of "Baccumulation with respect to the entire series of test 
sequences during undrained and drained excitation, the data for each consecutive excitation frequency 
are filtered using a low pass 2nd order Butterworth filter with a cut off frequencies of 10, 15, 25, and 
35Hz for excitation frequencies of 1, 10, 20 and 30Hz, respectively. A digital low pass filter retains DC 
frequency components that preserve the specimen’s behavior with respect to accumulation of plastic 
volumetric strain or "B. These data also retain a significant quantity of noise with respect to the 
excitation frequency. The presence of significant noise complicates dynamic analyses and thus led to 
selecting more precise band pass filters for the proceeding sections. 
As previously mentioned, frequency sweeps from 1-30Hz were performed sequentially on the 
same specimen (Figure 4.7). For undrained testing, two consecutive 1Hz frequency test sequences were 
performed in an attempt to minimize plastic strain in the subsequent sequences. Examination of the 
undrained data at both = 69 and 241 kPa (Figure 4.7) reveals a tendency for the specimen to 
accumulate "B during each test sequence in addition to between consecutive sequences. The 
accumulation of "B between consecutive test sequences at = 69 is approximately 1kPa. The 
accumulation of "B between consecutive test sequences at = 241 is approximately 4kPa. Peak-to-peak 
oscillatory amplitudes, in particular following the first 1Hz test sequence, are relatively constant. 
For the dynamic analysis presented in this chapter, the PWP data from each test sequence was 
parsed into an individual time history record for a single excitation frequency.  Individual record were 
zeroed with respect to the initial value to emphasis the oscillatory response in "B and L*. Further, the 
first test sequence at 1Hz was performed twice to reduce plastic accumulations in "B and L* that may 
results from an initial seating or dynamic accumulation. Figure 4.8 a)-b) and c)-d) presents the L* and "B 




Figure 4.7 Undrained accumulation of  with frequency sequence: a) 	
 = 69, b) 	
 = 241 
Panels a) and c) indicate that during Test 1 at 1Hz the specimen experiences approximately 
0.05mm and 2.5kPa of accumulated L* and "B, respectively. The accumulation in both L* and "B tends 
to be asymptotic after approximately 15 seconds of dynamic loading.  Panels b) and d) demonstrate that 
L* and "B accumulation has been greatly reduced for Test 2 performed consecutively with an identical 
loading schedule. In the analysis that follows, trends in accumulation of "B are nonexistent due to the 
nature of band pass filtering. 
Drained specimens were only subject to one test performed at 1Hz, and similar to undrained tests, 
at 10, 20 and 30 Hz. Interestingly while the test chamber did not allow for oscillatory drainage during 
drained dynamic testing, the specimen does not experience an accumulation of "B, neither during a 
given sequence or between consecutive sequences. Examination of the +Gcd  record taken from expelled 
water mass measurements, however, indicate a small accumulation of +GcdQ  (<0.02%) during excitation at 
each frequency and between consecutive test sequences for both confining stresses. Figure 4.9 and 
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Figure 4.10 a) and b) present the drained results observed from "B  and +Gcd  for consecutive test 
sequences at = 69 and 241, respectively.  
 
Figure 4.8 Tests 1 and 2 at 1 Hz a)-b) ! and c)-d)  
 
Figure 4.9 Drained accumulation of volumetric strain with frequency sequence	
 = 69: 




Figure 4.10 Drained accumulation of volumetric strain with frequency sequence 	
 = 241: 
 a) , b)  
4.4.2 Drained and Undrained Dynamic Response:	 ≅ 0.81, 	

 =69kPa 
This section presents the results from drained and undrained dynamic, axial compression testing 
at frequencies of 1, 10, 20, and 30 Hz for specimens prepared to approximately  ≅  at  =69kPa. 
As mentioned, one objective of the investigation conducted in chapter 3 was to identify the onset of 
plastic yielding and in particular this sand’s elastic stress-strain loading regime. Here, the intent for the 
tests performed was to excite dynamic loading solely within the elastic regime to evaluate stress 
relaxation and dispersion. The results presented in chapter 3 clearly identify a relationship between an 
effective stress ratio of 8 9 Ï 1⁄  and the onset of plastic yielding. Table 4.2 presents the peak-to-peak 
dynamic range of 8 9⁄  for each of the test sequences presented in this section. With the maximum 
effective stress ratio reached by any sequence being 8 9⁄ ß 0.56, it is contended that dynamic loading 
was indeed being performed well within the elastic loading regime. 
Figure 4.11 and 4.12 present the 8 9⁄  response in terms of axial strain (+*5 determined from the 
average of the displacement time histories recorded by the two LVDTs mounted to the upper platen. 
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Axial strain is assumed to be constant throughout the specimen during dynamic loading.  The 
dynamic response from the 1Hz tests resembles the cyclic 8 9⁄ - +* response (i..e., <0.1Hz tests 
presented in chapter 3), whereby the specimens experience a very small amount of accumulated axial 
strain. At frequencies above 1Hz, cyclic 8 9⁄ - +* takes the form of repeatable hysteretic loops, with no 
evident residual accumulation of plastic strain. The 8 9⁄ - +* loops proceed in a counter-clockwise 
fashion. It is clear from both Figure 4.11 andFigure 4.12 that the specimens undergo increasing 
hysteresis, and consequently energy dissipation, with increasing frequency above 1Hz. These figures 
provide a qualitative visualization of attenuation (i.e., energy dissipation) dispersion during dynamic 
excitation.   
Figure 4.13 and 4.14 present time history records in terms of 8 (deviator stress), L* (axial 
displacement), and "B (excess pore pressure), from top to bottom in each of the figure panels. A 
frequency response analysis of phase for these records is presented in what follows. Figure 4.13 and 
Figure 4.14, however, do well to visually demonstrate phase and attenuation dispersion in the time 
domain. 
The L* response again represents the averaged of the two records reported by the LVDTs 





Figure 4.11 Undrained dynamic  ⁄  response:  






Figure 4.12 Drained dynamic  ⁄  response:  





Figure 4.13 Undrained response: a) 69U-1: 1Hz, b) 69U-10: 10 Hz, c) 69U-20: 20 Hz and d) 69U-30: 30 
Hz 
Of particular interest is the "Breported from the pore pressure transducers, PWP-1, PWP-2, and 
PWP-3. At a 1Hz excitation in the a) panel of both figures, all three transducers report a near identical 
response with respect to both amplitude and phase. The b) panel of both figures (i.e., 10Hz excitation) 
demonstrates the first signs of both amplitude attenuation and phase dispersion, being more 






Figure 4.14 Drained response: a) 69D-1: 1Hz, b) 69D-10: 10 Hz, c) 69D-20: 20 Hz and d) 69D-30: 30 Hz 
Amplitude attenuation and phase dispersion manifest differently for the PWP-1 and PWP-3 (¾ and 
¼ heights) than PWP-2 (mid-height) being consistently in phase and report similar amplitudes with 
increasing frequency.   
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The PWP-2 (mid-height) transducer demonstrates both a pronounced amplitude attenuation and 
phase response with respect to the other two. Because PWP-1 and PWP-3 are spatially located closer to 
the upper and lower platen, they may be reporting a physical response more closely related to that of 
the exterior plumbing and are used primarily as a reference for attenuation and phase. As mentioned, 
the analysis of PWP attenuation and phase dispersion is restricted to a comparison of the responses 
between transducer pairs PWP-1:PWP-2 and PWP-3:PWP-2. The assumption being that the attenuation 
and phase dispersion recorded between ¾ -¼ height and mid-height locations reflects intrinsic material 
properties, not being influenced by the specimen’s boundary conditions. 
Due to the identification of an overlying signal modulation (see section 4.3), the phase for each 
signal pair was calculated using a moving window of 10 cycles. Table 4.3 presents the average phase and 
standard deviation of the cyclic windows for the entire record for both stress-strain (LM) and PWP (L67). 
















Average LM  
Standard 







 [rad] [rad] [rad] [rad] [rad] [rad] 
69D-1 0.09 0.006 0.05 0.010 0.05 0.011 
69U-1 0.06 0.003 0.05 0.010 0.05 0.008 
69D-10 0.10 0.002 0.27 0.028 0.28 0.028 
69U-10 0.10 0.003 0.26 0.030 0.25 0.040 
69D-20 0.22 0.001 0.32 0.048 0.33 0.046 
69U-20 0.23 0.001 0.28 0.044 0.27 0.050 
69D-30 0.28 0.003 0.31 0.059 0.32 0.062 
69U-30 0.30 0.007 0.27 0.044 0.25 0.052 
 
Figure 4.15 and 4.16 panels a) and b) present the undrained and drained stress-strain phase 
determined from a moving cyclic window and the average phase with respect to frequency, respectively. 
As evidenced in Figure 4.15 and 4.16, stress-strain phase remains relatively constant throughout the 
time record at each frequency. Figure 4.15 and 4.16 illustrates the average increase in phase lag 
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between top displacement and applied load with frequency. At 30 Hz, a maximum average phase of 
approximately 0.30 radians is observed. Stress-strain phase response for test sequences at the higher 
confining stress (i.e.,  =241kPa) demonstrate a similar stability (see section 4.4.2). 
 
Figure 4.15 Undrained Force-Displacement Phase Response:  
a) 10 Cycle Phase Windows and b) Average Phase Frequency Response 
 
Figure 4.16 Drained Force-Displacement Phase Response:  
a) 10 Cycle Phase Windows and b) Average Phase Frequency Response 
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A similar procedure of calculating phase over a moving window of 10 cycles was performed 
between transducer pairs PWP-1: PWP-2 and PWP-3:PWP-2. Figure 4.17 and 4.18 present the cyclic 
window phase response for the undrained and drained pore pressure response, respectively. Above 
excitation at 1Hz, the cyclic phase is much less stable in comparison with stress-strain phase.  It will be 
shown in the following section (4.4.2) that the cyclic L67 phase response for test sequences performed 
at the higher confining stress (i.e.,  =241kPa) is much more stable than for  =69kPa. The hypothesis 
behind cyclic phase variability in the lower  =69kPa is that following isotropic consolidation grains are 
comparatively less compacted than at  =241kPa. Consequently, grains have a higher potential, and 
tendency, to rotate and displace during vibratory loading. Grain rotation and displacement contributes 
to modulations in the pore space that may induce scattering and reflection, resulting in phase instability.    
 
Figure 4.17 Undrained PWP Phase Response 10 Cycle Windows:  




Figure 4.18 Drained PWP Phase Response 10 Cycle Windows:  
a) PWP-1: PWP-2   and b) PWP-3: PWP-2   
Despite the apparent variability in the phase demonstrated in Figure 4.17 and 4.18, the statistical 
variability is still relatively low. Figure 4.19 panels a) and b) present the average pore pressure phase 
response for the undrained and drained test sequences, respectively. Of particular note is that a peak 
L67 of approximately 0.30 radians is observed at 20Hz in both the undrained and drained test 
sequences. The phase at 30 Hz for the two sequences decreases to approximately 0.26 radians.  As will 
be seen in section 4.4.2, this is not case for test sequences performed at  =241kPa. At the higher 
confining stress, pore pressure L67  continually increases with frequency in the 1-30 Hz band. 
For 8 − +* time histories, a quality factor (EM ') and dynamic undrained modulus (2~) is 
determined (Table 4.4). For pore pressure records, a similar quality factor E67' ( '  and E67 ( '  is 
determined for the transducer combinations PWP-1:PWP-2 and PWP-3:PWP-2. A storage modulus for 
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PWP-1, PWP-2, and PWP-3 transducers (267' , 267( , 267 5 is determined as the ratio of the peak-to-peak 
PWP with respect to peak-to-peak deviator stress (Table 4.4).   
 
Figure 4.19 Average PWP phase response with respect to PWP-2:  
a) undrained and b) drained 










'  267(  267  
 [-] [MPa] [-] [-] [-] [-] [-] 
69D-1 0.09 340 0.06 0.05 3.85 3.90 3.79 
69U-1 0.06 280 0.05 0.05 4.21 4.19 4.03 
69D-10 0.10 350 0.30 0.28 3.92 4.55 3.78 
69U-10 0.10 290 0.25 0.27 4.07 4.68 4.00 
69D-20 0.22 350 0.30 0.31 3.97 5.82 3.98 
69U-20 0.24 310 0.28 0.29 4.78 6.41 4.70 
69D-30 0.29 390 0.35 0.24 4.07 6.39 3.72 
69U-30 0.30 310 0.26 0.27 4.76 7.21 5.23 
 
The quality factor and moduli data are fit using a Cole-Cole distribution for the undrained and 
drained test sequences in Figure 4.20, 4.21, 4.22, and 4.23 (see discussion in section 4.2).  The fitting 
parameters used for the data from these sequences are presented in Table 4.5 . 
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/ , z 2K 2P 
 [-] [Hz] [ms] [MPa] [MPa] 
Force-Displacement 
69D 0.1 100 10.0 330 900 
69U 0.1 100 10.0 290 900 
Force-PWP 
69D 0.1 20 50.0 3.8 9.0 
69U 0.1 20 50.0 4.0 8.0 
  
For both test sequences, attenuation EM ' increases to a maximum value of approximately 0.30 at 
30Hz. The Cole-Cole distribution does well to fit the data, with the exception of under predicting 
attenuation at a 1Hz excitation. As evidenced in Figure 4.20 and 4.21, the modulus dispersion for both 
test sequences is much less pronounced. Nevertheless, the Cole-Cole fit captures the low frequency 
response with respect to the center frequency selection (i.e., ) = 100 rad). By comparison, the drained 
test sequence demonstrates higher dispersion, and higher variability in the data. 
 
 




Figure 4.21 Drained Force-Displacement Response: a) attenuation and b) real modulus component 
Figure 4.22 and 4.23 present the E67 ' and 267data from the pore pressure records for the 
undrained and drained test sequences, respectively. Both PWP attenuation curves indicate a relaxation 
frequency of near 20 Hz a maximum value 0.3.  For the undrained sequences, both E67 ' curves decrease 
in a similar fashion. The Cole-Cole distribution does extremely well to capture the undrained response 
(see Table 4.5). The drained sequences indicate a similar E67 ' trend with slightly more variability. For 
both undrained and drained sequences, storage modulus 267dispersion is much less in the PWP-1 and 
PWP-3 transducers at ¾ and ¼ heights respectively. In both cases, the  267 dispersion is significantly 
more pronounced in PWP-2 at the specimen’s mid-height. The Cole-Cole fitting parameter (Table 4.5) do 
well to capture the 267 dispersion in the PWP transducer at mid-height. Presumably, this is the 
transducer least affected by measurement error attributed to boundary conditions. 
Figure 4.24 and 4.25 present the results of calculating a dynamic Skempton’s W parameter for the 




Figure 4.22  Undrained response: a) PWP-PWP attenuation and b) Force-PWP storage modulus 
 
Figure 4.23 Drained response: a) PWP-PWP attenuation and b) Force-PWP storage modulus 
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The W parameter is calculated using peak-to-peak oscillatory amplitudes of PWP and stress 
increments for 25, 70, 150, and 200 cycles for excitation frequencies of 1, 10, 20, and 30 Hz, 
respectively. At 1Hz excitation, all three PWP transducers report relatively consistent values of 
approximately 0.23 and 0.25 for the undrained and drained test sequences, respectively. At 10 Hz 
excitation, both test sequences demonstrate higher W parameter variability. The PWP-1 and PWP-3 (¼ 
and ¾ heights) again report similar magnitudes of W values compared to 1Hz excitation. PWP-2 at mid-
height, however, demonstrates attenuated pore water pressure, reporting W values of approximately 
0.19 and 0.20 for undrained and drained sequences, respectively. At 20 and 30 Hz excitation for both 
sequences, PWP-1 and PWP-3 both observe decreases in W values of similar magnitude. PWP-2 
continues to experience greater PWP attenuation as evidenced by decreasing W values at excitation 
frequencies of 20 and 30Hz. The trends at 20 and 30Hz are similar for the undrained and drained 
sequences, with drained sequences experience slightly, higher variability. In general, W values are 
slightly higher for the drained test sequences. Higher W values reported during drained sequences may 
be the result of performing the test sequences consecutively, as the specimen may have become denser 
following undrained sequences. 
4.4.3 Drained and Undrained Dynamic Response:   ≅ 0.80, 	
 =241kPa 
This section presents the results from drained and undrained dynamic, axial compression testing 
at frequencies of 1, 10, 20, and 30 Hz for specimens prepared to approximately  ≅  at 
 =241kPa. Here again, the objective was to perform dynamic loading solely within the elastic regime 
to evaluate stress relaxation and dispersion.  
Figure 4.26 and 4.27 present the 8 9⁄  response in terms +*. As in the previous section, axial 
strain is determined from the average of the displacement time histories. Axial strain is assumed to be 
constant throughout the specimen during dynamic loading. The dynamic response from the 1Hz tests 
148 
 
again resembles the cyclic 8 9⁄ - +* response (i..e., <0.1Hz tests presented in chapter 3), where in this 
case the specimens experience a slightly larger amount of accumulated axial strain when compared to 
the specimens tested at  =69kPa. 
At frequencies above 1Hz, cyclic 8 9⁄ - +* takes the form of repeatable hysteretic loops, with no 
evident residual accumulation of plastic strain. The 8 9⁄ - +* loops proceed in a counter-clockwise 
fashion. It is clear from Figure 4.26 and 4.27 that both of the specimens undergo increasing hysteresis, 
and consequently energy dissipation, with increasing frequency above 1Hz. These figures provide a 
qualitative visualization of attenuation (i.e., energy dissipation) dispersion during dynamic excitation.   
Figure 4.28 and4.29 present time history records in terms of 8, L* , and "B, from top to bottom in 
each of the figure panels. As before, frequency response analysis of phase for these records is presented 
in what follows. As with the lower confining stress, the 8- L* phase response increases with frequency.  
 
Figure 4.24 Undrained dynamic Skempton’s A parameter:  





Figure 4.25 Drained dynamic Skempton’s A parameter:  
a) 69D-1: 1Hz, b) 69D-10: 10 Hz, c) 69D-20: 20 Hz and d) 69D-30: 30 Hz 
As with the lower confining stress, the PWP-2 transducer demonstrates both a pronounced 
amplitude attenuation and phase response with respect to the other two pore pressure transducers. 
The phase frequency dispersion was characterized similar to that as described in the previous section. 
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Table 4.7 presents the average phase and standard deviation of the cyclic windows for the entire record 
for both stress-strain (LM) and pore pressure (L67). 
















Figure 4.30 and 4.31 panels a) and b) present the undrained and drained stress-strain phase 
determined from a moving cyclic window and the average phase with respect to frequency, respectively. 
Similar to the lower confining stress, stress-strain phase remains relatively constant throughout the time 
record at each frequency. Figure 4.30 and 4.31 illustrates the average increase in phase lag between 
stress and strain with frequency. At 30 Hz, a maximum average phase of approximately 0.23 radians is 
observed, approximately 23% less than the phase observed at  =69kPa. Stress-strain phase response 
for test sequences at the lower confining stress demonstrate a similar stability (see section 4.4.1). 
Figure 4.32 and 4.33 present the cyclic window phase response for the undrained and drained 
pore pressure response, respectively. For  = 241kPa, the cyclic window pore pressure phase response 
is much more stable than that observed at the lower confining stress, having a maximum standard 
deviation of 0.017 radians (compared to 0.062 for  = 69kPa). 
Figure 4.34 panels a) and b) presents the average L67  response for the undrained and drained test 
sequences, respectively. In contrast to the test sequence performed at  = 69kPa, the tests performed 
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at  = 241kPa experience a consistent increase in average phase with respect pore pressure in the 1-
30Hz band. Both test sequences reach approximately L67 = 0.94 radians at an excitation of 30Hz. 
 
 


























Table 4.7 Stress-strain and pore pressure phase statistics 
 LVDT LVDT PWP-1 PWP-1 PWP-3 PWP-3 
Test 
Sequence 
Average LM  
Standard 







 [rad] [rad] [rad] [rad] [rad] [rad] 
241D-1 0.04 0.005 0.06 0.002 0.06 0.003 
241U-1 0.03 0.004 0.05 0.003 0.05 0.002 
241D-10 0.04 0.002 0.41 0.007 0.41 0.008 
241U-10 0.05 0.002 0.41 0.008 0.41 0.009 
241D-20 0.16 0.002 0.69 0.010 0.69 0.011 
241U-20 0.17 0.004 0.71 0.011 0.70 0.013 
241D-30 0.20 0.004 0.90 0.014 0.90 0.015 




Figure 4.30 Undrained Force-Displacement Phase Response:  
a) 10 Cycle Phase Windows and b) Average Phase Frequency Response 
Quality factors and storage moduli are again calculated for each of the drained and undrained 
test sequences performed at   =241kPa are presented in Table 4.8. Again, the 8 − +* time histories 
are used to determine quality factor (EM ') and dynamic undrained modulus (2~). Quality factors  E67' ( '  
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and E67 ( '  for PWP response are again determined for the transducer combinations PWP-1/PWP-2 and 
PWP-3/PWP-2.   
 
Figure 4.31 Drained Force-Displacement Phase Response:  
a) 10 Cycle Phase Windows and b) Average Phase Frequency Response 
The storage modulus for PWP-1, PWP-2, and PWP-3 transducers (267' , 267( , 267( 5 is determined as 
the ratio of the peak-to-peak PWP with respect to peak-to-peak deviator stress (Table 4.8). 
The EM ' and 2~ data are again fit using a Cole-Cole distribution for the undrained and drained test 
sequences in Figure 4.35 and 4.36, respectively.  The parameters used to fit the data for these 
sequences are presented in Table 4.9. It is worth noting the low frequency modulus, 2K, selected to fit 
the data was higher in the drained case for both confining pressures. Only for  =241kPa was the high 
frequency modulus 2P higher in the drained test sequences. Admittedly, there is much more 
uncertainty in estimating the 2P due to the lack of data in this frequency band. 
Similar to the sequences at the lower confining stress, attenuation EM ' consistently increases with 
frequency to a maximum value of approximately 0.24 and 0.20 at 30Hz for the drained and undrained 




Figure 4.32 Undrained PWP Phase Response 10 Cycle Windows:  
a) PWP-2 to PWP-1 and b) PWP-2 to PWP-3 
 
Figure 4.33 Drained PWP Phase Response 10 Cycle Windows:  





Figure 4.34 Average PWP phase response: a) undrained and b) drained 










'  267(  267(  
 [-] [MPa] [-] [-] [-] [-] [-] 
241D-1 0.03 610 0.06 0.06 3.66 3.68 3.70 
241U-1 0.03 510 0.05 0.05 3.98 3.96 4.01 
241D-10 0.04 650 0.44 0.44 3.60 4.02 3.65 
241U-10 0.05 530 0.43 0.43 3.96 4.31 4.00 
241D-20 0.16 640 0.82 0.82 3.82 4.91 3.94 
241U-20 0.17 540 0.85 0.85 4.33 5.40 4.31 
241D-30 0.20 700 1.25 1.27 3.88 5.66 3.86 
241U-30 0.24 530 1.36 1.36 4.27 6.37 4.49 
 




/ , z 2K 2P 
  [-] [Hz] [ms] [MPa] [MPa] 
Force-Displacement 
241D 0.1 100 10.0 600 1300 
241U 0.1 100 10.0 500 1200 
Force-PWP 
241D 0.1 80 12.5 3.6 80 




The Cole-Cole distribution does well to fit the data, again with the exception of under predicting 
attenuation at a 1Hz excitation. Modulus dispersion for both test sequences is again less pronounced 
than attenuation. Similar to sequences performed at  =69kPa, the drained test sequence 
demonstrates higher modulus dispersion, and higher variability in the data. 
Figure 4.37 and 4.38 present the E67 ' and 267data from the pore pressure records for the 
undrained and drained test sequences performed at  =241kPa, respectively. Both PWP attenuation 
curves indicate a relaxation frequency of in the vicinity of 70-80Hz indicating maximum E67 ' values of 
approximately 1.6.  
The Cole-Cole distribution does extremely well to capture both the undrained and drained 
response (see Table 4.9).  
 
Figure 4.35 Undrained Force-Displacement Response:  




Figure 4.36 Drained Force-Displacement Response:  
a) attenuation and b) real modulus component 
Here, E67 ' data between PWP transducer pairs are nearly identical. As previously mention, a higher 
degree of compaction leading to a more uniform soil fabric may account for higher data repeatability. 
As with the lower confining stress, both undrained and drained storage modulus 267dispersion is 
much less in the PWP-1 and PWP-3 transducers at ¾ and ¼ heights respectively. In both cases, the  267 
dispersion is significantly more pronounced in PWP-2 at the specimen’s mid-height. The Cole-Cole fitting 
parameters (Table 4.9) again do extremely well to capture the 267 dispersion in the PWP transducer at 
mid-height. PWP-2 is the transducer presumably least affected by measurement error attributed to 
boundary conditions. 
Figure 4.39 and 4.40 present the results of calculating a dynamic Skempton’s W parameter for 
the undrained and drained test sequences, respectively. In general, both the undrained and drained 
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sequences demonstrate less variability in W values that those observed during testing at the lower 
confining stress. 
 
Figure 4.37  Undrained response: a) PWP attenuation and b) Force-PWP storage modulus 
The undrained test sequences experience slightly higher W values than seqeuences performed at 
 = 69kPa, yet demonstrate very similar trends with respect to the three PWP transducers. All PWP 
transducer experience decreases in W values with frequency, pore water pressure attenuation being the 
most pronounced in PWP-2. Drained sequences experience similar trends to undrained sequences with 
respect to pore pressure attenuation and PWP transducers. W values are again slightly higher for the 
drained test sequences. Higher W values reported during drained sequences may be the result of 






Figure 4.38 Drained response: a) PWP attenuation and b) Force-PWP storage modulus 
4.5 Conclusions 
This chapter presents the dynamic test results from dynamic drained and undrained testing for 
specimens prepared to to  ≅  and tested at  ≅ 69 and 241 kPa. Specimens were subject to axial 
loading with excitation frequencies of 1, 10, 20, and 30 Hz. Test durations ranged from 30 to 60 seconds 
at each frequency. 
Peak-to-peak vibration loading schedules were specified for multiple oscillatory amplitudes at 
various effective stress ratios (8 9⁄ ). Tests were performed at each confining stress with upper and 
lower platen drainage lines closed and open, referred to as undrained and drained conditions. 
Frequency test sequences from 1-30Hz were performed consecutively under undrained and drained 
conditions on the same specimen in the following order: 
• Undrained -  = 69kPa 
163 
 
• Drained -  = 69kPa 
• Undrained -  = 241kPa 
• Drained -  = 241kPa 
 
 
Figure 4.39 Undrained dynamic Skempton’s A parameter:  





Figure 4.40 Drained dynamic Skempton’s A parameter:  
a) 241D-1Hz, b) 241D-10Hz, c) 241D-20Hz and d) 241D-30Hz 
Attenuation and modulus dispersion with respect to dynamic stress-strain and PWP response is 
characterized using a Cole-Cole model following others as presented by the literature. A dynamic 
Skempton’s W parameter is calculated to assess frequency dispersion of the stress distribution with 
respect to the soil and saturating water (see section 4.2 for discussion). 
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The following conclusions can be made given the results presented in this chapter: 
• Soil-embedded PWP transducers observe an aperiodic modulation over the primary frequency. 
The percent influence of the modulation with respect to the primary excitation frequency is 
higher in specimens tested at the lower confining stress =69kPa and increasingly present with 
higher frequencies. More irregular pore space compression during excitation may contribute 
associated with grain rotation or displacement causing reflections or scattering. 
• Dynamic testing was performed on specimens at oscillatory 8 9⁄  ratios well below failure (i.e., 
0.3 < 8 9  <⁄  0.6). Undrained and drained specimens experienced accumulation of both pore 
water pressure and plastic strain, respectively. Accumulation of pore water pressure and plastic 
strain is consistent with results from cyclic testing presented in chapter 3. To investigate 
accumulation, "B and +Gcd  time histories processed with low pass digital filters specifically 
designed for each excitation frequency.  
o Undrained test sequences were subject to two tests performed at 1 Hz, and consecutive 
sequences of 10, 20, and 30Hz. Following the 2nd test performed at 1Hz, specimens 
experienced approximately 1 and 4kPa of "B accumulation between test sequences. 
o Drained test sequences experienced a small amount of +GcdQ  accumulation, 
approximately < 0.02%. 
• Test chamber plumbing influenced drainage conditions during dynamic loading. Undrained and 
drained test sequences experienced nearly identically oscillatory response. 
o Low pass filtering retained significant quantity of noise, complicating dynamic analyses.  
o Precise band pass filtering was used for dynamic analyses to emphasize the elastic 
dynamic response. Accumulation trends were inherently removed for dynamic analyses 
by the nature of band pass filtering. 
• Attenuation and storage modulus was determined with respect to stress, strain, and PWP. 
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o A quality factor EM 'is determined from the phase lag LM  between stress and strain time 
histories. Both drained and undrained EM ' increase with increasing frequency. Increases 
in EM ' for test sequences performed at the higher confining stress = 241kPa are 
approximately 75% less. The specimen when consolidated to  = 241kPa likely has a 
more dense and rigid skeleton and would account for lower attenuation dispersion.  
Higher attenuation in the test sequences at = 69kPa is like due to losses associate 
with a looser soil skeleton, resulting from for example grain rotation or grain contact 
friction. 
o A dynamic, stress-strain storage modulus is determine as the ratio of the real 
components of stress and strain. As to be expected, the dynamic, storage modulus is 
higher for sequences performed at the higher confining stress. Higher modulus results 
from smaller strains resulting when the specimen has been consolidated to a more 
dense state. 
o A quality factor related to PWP attenuation will be referred to as E67 ', is determined by 
comparing the L67  between transducer combinations PWP-1:PWP-2 and PWP-3:PWP-2. 
At the lower confining stress = 69kPa, E67 ' trends are similar for the drained and 
undrained tests. At the higher confining pressure, E67 ' trends are also similar between 
drained and undrained specimens.  The increase in E67 ' at the higher confining pressure 
is approximately four times greater than at = 69kPa. Losses in pore water pressure 
energy at the higher confining stress likely result because higher pore pressures are 
generated during excitation. 
o A storage modulus related to PWP is determined as the ratio of the real components of 
stress and PWP for each of the embedded transducers. Increasing trends in 267 are again 
similar for both the drained and undrained test sequences at both confining stresses. In 
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both cases, 267(  determined from PWP-2 at the specimen’s mid height are significantly 
higher than PWP-1 and PWP-3. This reflects the fact that PWP-2 consistently observed 
an attenuated excess pore water pressure. 
• A Cole-Cole model was used to fit attenuation and storage modulus data with respect to force, 
displacement, and PWP to identify a stress relaxation in the 1-30Hz frequency band. A summary 
of the Cole-Cole fitting parameters is presented in Table 4.10. 
o The Cole-Cole model fit the force-displacement reasonably well. None of the 
experimental data captured precisely the peak relaxation. The drained and undrained 
test sequences at both confining stresses were modeled with a relaxation frequency of 
, = 100Hz, and a relaxation time of z = 10.0ms. Low and high frequency moduli were 
on the same order of magnitude for the drained and undrained case at each confining 
stress. 




/ , z 2K 2P 
 [-] [Hz] [ms] [MPa] [MPa] 
Force-Displacement 
69D 0.1 100 10.0 330 900 
69U 0.1 100 10.0 290 900 
241D 0.1 100 10.0 600 1300 
241U 0.1 100 10.0 500 1200 
Force-PWP 
69D 0.1 20 50.0 3.8 9.0 
69U 0.1 20 50.0 4.0 8.0 
241D 0.1 80 12.5 3.6 80 
241U 0.1 70 14.3 4.0 80 
 
o The Cole-Cole model fit the force-PWP data exceptionally well.  The data observed at 
= 69kPa clearly captured a peak relaxation that was exceptionally modeled at a 
frequency of  , = 20 and time z = 50 ms. At = 241, the data was restricted to the left 
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of the relaxation peak with the relaxation frequency being modeled at a frequency of 
near , = 75 and time z = 13 ms.  
o Storage modulus dispersion was much less in PWP-1 and PWP-3 than PWP-2.  In all 
cases, the Cole-Cole model was more effective in capturing the experimental behavior 
of transducer PWP-2 at mid-height, like due to the fact that the response is the most 
representative of material properties and the least influenced by boundary conditions. 
The low frequency moduli were all on the same order of magnitude for drained and 
undrained test sequences at both confining stresses. The high frequency moduli were an 
order of magnitude higher at = 241kPa, indicating that, as a percentage, less of the 
applied stress is being transferred to the pore pressure compared to the soil skeleton. 
• A dynamic Skempton’s A parameter was calculated for both drained and undrainte test 
sequences at = 69 and 241kPa. The W parameter is calculated using peak-to-peak oscillatory 
amplitudes of PWP and stress increments for 25, 70, 150, and 200 cycles for excitation 
frequencies of 1, 10, 20, and 30 Hz, respectively.  
o At = 69, both drained and undrained experience similar magnitudes and trends, with 
slightly more variability in the drained sequences. 
 PWP-1 and PWP-3 transducers report similar trends magnitude and attenuation 
dispersion in observed W values 
 PWP-2 demonstrates higher PWP attenuation, as evidenced by larger decreases 
in observed W values with increasing frequency. 
o = 241 similar trends to lower confining stress in magnitude and attenuation with 
respect to each PWP transducer. Overall, the W values observed at the higher confining 
stress demonstrated less variability 
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o In general, drained test sequences demonstrated slightly higher W values. Higher W 
values reported during drained sequences may be the result of performing the test 
sequences consecutively, as the specimen may have become denser following 
undrained sequences. 
The following recommendations can be made given the results presented in this chapter: 
• Explore additional confining stresses 
• Explore higher frequencies to confirm identification of the peak in attenuation and modulus 
dispersion. 
• Perform tests on dry specimens and specimens saturated with different fluids. Observe how 
saturation and fluid type impacts the center, relaxation frequency. 
• Modified lab equipment to allow drained dynamic assessment 
• Monitor acoustic emissions generated due to grain rotation, grain rearrangement, cataclasis, etc. 





TIME-LAPSE ELECTRIC POTENTIAL RESPONSE TO IN-SITU PORE WATER PRESSURE GENERATION:  
IMPULSE AND HARMONIC EXCITATION 
5.1 Introduction 
Electric potential (EP), commonly referred to as self-potential, is a non-invasive, passive 
geophysical method that can be used to monitor in-situ, pore fluid pressure changes within a porous 
media by measuring fluid-flow induced voltage variations on the Earth’s surface, e.g., 
[51][52][53][97][54][55][56]. This phenomenon is produced via an electrokinetic coupling effect and, in 
the case of a continuous porous media, is referred to as streaming potential (SP) [57]. SP results from a 
naturally occurring charge counter-balance in response to the drag of excess charge of ions bound in the 
diffuse component of the electrical double-layer, commonly referred to in discussions on saturated, 
porous media, e.g., [51][55][56]. EP measurements enable monitoring SP, and thus fluid flow and the 
associated pressure gradients in continuous, porous media at depth and in real-time from the ground 
surface [54][53]. The electrical phenomenon associated with fluid flow presents significant implications 
to a variety of applications, namely reservoir monitoring, sand production, hydraulic fracturing, CO2 
sequestration, harmonic hydraulic pumping, geothermal power development, earthen embankment 
monitoring, leakage management in oil and gas wellbore casings and municipal water supply systems 
[85][51][98][52][99][53][57], etc.  
Laboratory validation of the theoretical foundation of streaming potential is particularly limited. 
Crepsy et al. [54] performed laboratory experiments on a sandbox test bed where EP measurements 
were recorded following both water injection and pumping events. Injection or pumping events were 
localized and performed as an impulse excitation to the sand layer. The EP results demonstrated a 
temporal response decay, presumed to be associated with pore water pressure generation and 
171 
 
dissipation via pore water flow away from the point source location. EP anomaly measurements were 
not, however, coupled with mechanical measurement of pore water pressure in this study. There is a 
strong need to couple anomalous electrical response with in-situ mechanical pressure measurements, 
during both impulse and harmonic excitation. 
This chapter presents a unique laboratory investigation that couples electric potential (EP) 
measurements and in-situ pore water pressure (PWP). This chapter presents laboratory results of time-
lapse EP and PWP measurements induced by both impulse and harmonic type excitation. Correlative 
relationships between both amplitude and phase are presented to demonstrate the ability of time-lapse 
EP to spatially and temporally characterize dynamic evolutions in subsurface pressure gradients.  
5.2 Background 
In 1976, Mitzutani et al. ([57] theorized that fluid flow through rocks induces the aforementioned 
electrokinetic effect, introducing SP in the context of seismological applications, e.g., earthquake 
prediction and control. Since then, a well-developed theoretical framework has been presented for the 
hydro-electrical component of such a poromechanical application [51][100][55][56]. The constitutive 
relationship accounting for the total current density à in a conductive porous media can written via an 
extension of Ohm’s law, see equation (5.1)  
a = 2 + a%          (5.1) 
where  (S/m) is the solid phase electrical conductivity. 2 (V/m) represents the electrical field, being 
directly related to the generation of an electrical potential (D) by the relationship 2 = −∇D. This 
formulation assumes satisfaction of the quasi-static limit of Maxwell’s equations, namely that ∇ × 2 =
0. The constitutive equation governing pore fluid flow is assumed to be Stoke’s equation, equation (5.2), 
where " (m/s) is the Darcy velocity,  < is hydraulic conductivity (m2), A is the dynamic viscosity (Pa·s) and 
∇â is the pressure gradient vector (Pa/m). 
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" =  − ¡© ∇â         (5.2) 
The streaming or source current density a% (A/m2) from equation (5.1) is related to the fluid’s 
Darcy velocity  " (m/s) in equation (5.3) where EFG (C/m3) represents the effective charge of the 
electrical diffuse layer per unit pore volume that can be dragged by advection via pore fluid flow.  
a% = EFG"          (5.3) 
Additionally, and without injection or depletion of electrical charges external to the global 
poromechanical system, the conservation equation of charge in the low frequency limit of Maxwell’s 
equations is presented in equation (5.4). 
∇ ∙ a = 0          (5.4) 
Finally, combining the constitutive equations (5.1) and (5.2) using the conservation balance presented 
by equation (5.4), a field equation can be written as shown in equation (5.5). Equation (5.5) 
mathematically describes the process by which a mechanical flux of pore water through porous media 
generates and electric field. 
∇(D = −  }Fã¡©Ð  ∇(â         (5.5) 
5.3 Experimental Design and Test Protocol 
A series of impulse and harmonic excitation tests were performed on two reconstituted soil beds 
(Bed No. 1 and Bed No. 2) of silty sand to compare excess PWP generation and EP response. Impulse and 
10Hz excitation were performed on Bed No. 1 with five embedded Kulite XCL PWP transducers 
(described in chapter 2). A 1Hz excitation test was performed on Bed No. 2 with five embedded Keller 
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2Mie transducers. EP response was recorded during testing on both soil beds using a highly, sensitive 
surface electrode array. 
The sand selected for both test beds was a #30 4060 grade quartz sand with high silica content 
(GRANUSIL Mineral Fillers). The 4060 designation implies 60% retained on the #40 mesh (GSD presented 
in chapter 3). The sand was mixed with approximately 20% by mass of a non-plastic, fine-grained soil. 
The addition of fines served to both improve electrode-soil coupling as well as to provide a minimal 
lateral confinement to enable the generation of excess pore pressure.   
The soil beds were prepared in a square, acrylic box approximately 45.7cm by 45.7cm (18 inch by 
18 inch), see Figure 5.1 and Figure 5.2. The soil was mixed to approximately 6% gravimetric water 
content to facilitate compaction during placement. The soil was placed in approximately 2.5mm (1inch) 
lifts at a total density of approximately 1920 kg/m3 (120pcf), a dry density of approximately 1800 kg/m3 
(113pcf). Beds No. 1 and 2 were prepared to approximately 15cm (6in) and 12.5cm (5in), respectively. 
The XCL transducers embedded in Bed No. 1 were spaced at approximately 5cm (2in) from one another 
off center embedded at a depth of approximately 5cm (2in). The 2Mie transducers were spaced at 
approximately 8cm (3in) from one another off center embedded at a depth of approximately 5cm (2in) 
in Bed No. 2. Soil lifts were compacted using a 10cm (4in) diameter platen and rubber mallet. Following 
soil placement and compaction, the soil beds were saturated by slow introduction of de-aired water 
through a tube at the base of the layer in one corner of the tank.  
The saturated soil beds were left overnight (with all sensors in place) with the hope that better 
water to grain adsorption could be achieved. This saturation procedure mimics field conditions, in that 
the soil bed is open to atmosphere and pore space is not subject to a back pressure. 
The results presented here, notable those from the 2Mie PWP transducer tests, indicate that full 




Figure 5.1 Pore pressure transducer layout:  
a) Kulite XCL PWP transducers, b) Keller 2Mie PWP transducers 
Consequently, these results should be viewed more qualitatively than quantitatively. Experimental 
PWP and EP data do indicate coherent spatial and temporal behavior and the analysis presented here 
focuses on these trends. This analysis is intended to serve as proof-of-concept for future investigations. 
Recommendations for experimental enhancements are given in the conclusions section of this chapter 
to provide more physically meaningful results. 
Impulse tests were performed on Bed No. 1 using a short-sledge, PCB hammer (Model 086D20) 
instrumented with a load cell internal to the tip. The load cell has a full scale measurement range of 
approximately 22kN (5000lbf) with a sensitivity of 0.23mV/N (1mV/lbf). Impulse loads were imparted to 
the soil surface via a 5cm (2in) diameter platen. Data from both the hammer’s load cell and XCL 
transducers were acquired using the NIDAQ 6211 (see Chapter 2) at a sample rate of 8192Hz during 
impulse testing. A test was also performed on Bed No. 1 with a 10Hz excitation being applied to the soil 
surface the MTS load frame servo-hydraulic actuator (see Chapter 2) using a 10cm (4in) diameter platen. 
XCL transducer data was again acquired at a sample rate of 8192Hz using the NIDAQ 6211. Data from 
the frame’s load cell, however, was not recorded. Only the excess PWP and EP responses are presented. 
A 1Hz excitation test was performed on Bed No.2 with the 2Mie transducers embedded. The 2Mie 
transducer data were acquired using the NIDAQ 6211 at a sample rate of 512Hz. The 1Hz excitation was 
175 
 
again supplied by the MTS load frame servo-hydraulic actuator using a 10cm (4in) diameter platen. Load 
cell data was recorded during testing at a sample rate of 341Hz during 1 Hz excitation.  
Observations of SP phenomena historically, in both lab and field applications, have proved 
challenging due to instrument sensitivity limitations, typically on the order of 0.1mV [54]. The 
experimental study presented in this chapter was performed using a highly sensitive, Bio-Semi 
multichannel voltmeter (http://www.biosemi.com) [55][56]. EP data was acquired using a 32-channel 
array of non-polarizing, sintered silver-silver chloride (Ag-AgCl) electrodes, see Figure 5.2 a). Each 
electrode is physically coupled to the saturated soil surface, being deployed in a star-like pattern, Figure 
5.2 b), to spatially characterize temporal changes in electric potential during impulse and harmonic 
excitation. Detailed schematics of Bio-Semi electrode and embedded PWP layout for Beds No. 1 and No. 
are presented in the following section. 
Data are acquired using the Bio-Semi ActiveTwo data acquisition system. The system is battery 
powered and galvanically isolated to minimize potential coupling with an AC electric power system. The 
data are digitally multiplexed to a single analogue-to-digital converter with a 24-bit resolution and a 
quantization level of 31.25nV/bit. Voltage data were recorded at a sample rate of 8192Hz. Although any 
channel can be used as a reference, the data presented here are referenced to the average of all 32 
channels. This data acquisition system enables measurement of electrical anomalies at the μV scale. 
All voltage data are corrected for temporal drift and DC offset. Neither the instrumented hammer, 
PWP, nor EP data collected during impulse testing are post-processed by digital filtering. Digital filtering 
an impulse has several complications with respect to preserving the amplitude of the signal of interest 
due to the broad bandwidth. 





Figure 5.2 Bio-semi electrode layout: a) experimental set up, b) layout schematic 
Since the magnitude of the peak of the impulse from each data sequence was of primary 
importance, digitally filtering the signals was deemed an additional, unnecessary step. PWP and EP data 
recorded during harmonic testing were digitally, band pass filtered using a 2nd order Butterworth filter. 
Data from 1Hz and 10Hz testing were filtered using pass bands of 0.4-2.5Hz and 8-12Hz, respectively. 
MTS load cell data signal conditioning was described in chapter 2. 
5.4 Impulse Excitation 
Five XCL PWP transducers were embedded in the soil bed during impulse testing, labeled PWP-1 
through PWP-5. For unknown reasons, two transducers were damaged prior to testing. Only data was 
recorded from XCL transducers PWP-1, PWP-4, and PWP-5. A schematic of the electrode layout and 
functional PWP transducers is presented in Figure 5.3. It is worth noting that PWP-1 and PWP-5 are 
symmetrically equidistant from the excitation source. Electrodes are labeled 1 through 32. This sensor 
configuration was used for both impulse and 10Hz testing. The loading platen for impulse testing was 




Figure 5.3 Electrode (X) and XCL PWP (O) transducer configuration  
with load platens (--) for impulse (Ø=5.1mm) and 10Hz (Ø=10.2mm) tests 
Figure 5.4, 5.5, and 5.6 a) present the results from five impulse test recorded from the 
instrumented hammer, XCL PWP-4 transducer, and Channel 5 of the electrode array, respectively. 
Surface pressure imparted by the instrumented hammer as shown in Figure 5.4 is determined from the 
load cell force measurement divided by the area of the loading platen (Ø=5cm). The PWP data 
presented in Figure 5.5 were filtered using a two-sided, exponential smoothing filter for presentation 
only. Smoothing filters inherently attenuate the amplitude of impulse signals. For analysis, the raw PWP 
amplitude data was used due to a high enough signal-to-noise ratio. In each figure, Pulse No. 3 is 
indicated with an open circle marker. Figure 5.4, 5.5, and 5.6 b) shows a zoomed view of Pulse No. 3 for 





Figure 5.4 Impulse excitation: PCB instrumented hammer response,  
a) Five Pulses, b) Pulse No. 3 (zoom) 
 
Figure 5.5 Excess pore pressure response: PWP-4, a) Time series, b) Frequency spectra 




Figure 5.6 Electrical potential response: Channel 5. a) Time series, b) Frequency spectra  
a) Five Pulses, b) Pulse No. 3 (zoom) 
Figure 5.7 a), b), and c) presents the impulse pressure, excess PWP and EP response for Pulse No. 
3 for comparison. The time scales in Figure 5.7 are zeroed for presentation. It is worth noting that the 
impulse pressure and PWP data are recorded using the same acquisition system (i.e., the NIDAQ 6211). 
Consequently, these data sets are time synchronized and allow for an assessment of a spatial phase 
delay with respect to excitation and response. Clearly from Figure 5.7 a) and b), the pressure impulse 
observed in PWP-4 is delayed by approximately 3ms with respect to the instrumented hammer 
excitation. The Bio-Semi acquisition system being independent offers no convenient mechanism for time 
synchronization (e.g., via an electronic trigger). Due to the physical nature of the streaming potential 
electrokinetic coupling effect, however, it is presumed that the PWP and EP response occur in-phase 
being simultaneous. Rather than reporting a phase lag in terms of an angle, the time delay (∆;67) of 
PWP-1, PWP-4 and PWP-5 with respect to impulse excitation is conveyed in milliseconds (ms), see Table 
5.1. With the exception Pulse No. 4, the central transducer PWP-4 reports less delay than the two 
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exterior pwp transducers, consistent with being approximately 3.5cm spatially closer to the excitation 
source. 
 
Figure 5.7 Response comparison: a) Impulse pressure, b) excess PWP-4, c) electric potential Channel 5 
for Pulse 3 (zoom) 
PWP-1 and PWP-5 experience similar time delays (with the exception of Pulse No.4), consistent 
with being symmetrically equidistant from the source excitation. The anomalous response due to Pulse 
No. 4 could be a result of an un-level impact excitation.Figure 5.8 a), b), and c), presents the spatial 
distribution of the excess PWP response for Pulse No. 3. 
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Table 5.1 A-parameter and phase between impulse pressure and PWP response 
PWP 
Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 
W ∆;67 W ∆;67 W ∆;67 W ∆;67 W ∆;67 
[-] [ms] [-] [ms] [-] [ms] [-] [ms] [-] [ms] 
1 0.7 3.1 0.3 3.0 0.3 3.4 0.3 4.9 0.3 3.0 
4 1.0 0 0.6 2.0 0.7 2.2 0.6 4.7 0.6 2.2 
5 0.7 2.8 0.4 3.1 0.4 2.7 0.3 3.0 0.5 3.0 
 
Both PWP-1 and PWP-5, report excess PWP of approximately 4kPa due to Pulse No.3.  PWP-4 
experiences a nearly double excess PWP (i.e., approximately 8kPa). Again, the relative amplitudes of the 
three PWP transducers is consistent with their spatial configuration. Figure 5.8 c) presents the peak 
amplitude in excess PWP at all three transducer locations for each of the five pulses. An ‘W’ parameter is 
calculated as the ratio of peak PWP to peak impulse pressure. W parameters for each of the pulses are 
presented in Table 5.1. Similar to phase data, the amplitude ratio of the two exterior PWP transducers is 
similar for each pulse. As to be expected, the central PWP-4 experiences a higher ratio due to its 
proximity with the source location. 
Figure 5.9 presents the time-lapse spatial distribution of electric potential response for Pulse No. 3 
measured at the surface of the soil bed. Time slices a) through f) are captured approximately 1.3ms 
apart. Electrode locations are indicated by X-markers, and embedded PWP transducers by O-markers. 
Hot colors indicate a positive electric potential response, while cold colors represent negatives 
potentials. Color contours are overlaid in each time slice to quantify the spatial voltage distributions.  
Figure 5.9 a) shows the background EP across the soil surface prior to impulse excitation. Panel b) 
indicates a uniform development of a positive anomaly across the entire electrode array. Figure 5.9 c) 





Figure 5.8 Excess PWP response for Pulse 3,  
a) PWP-1, b) PWP-2, c) PWP-3, and  d) Peak pore pressures for Pulses 1-5 
A uniformly radial positive voltage response such as shown in Figure 5.9 c) indicates radial fluid 
flow away from the source, consistent with a physical interpretation of pore fluid movement 
immediately following a central, compressional impact. Figure 5.9 d) presents the opposite 
phenomenon, where a uniformly negative voltage anomaly indicates pore fluid movement returning in 
the direction of the source as the overpressure from the compressional excitation becomes relaxed. 
Finally, Figure 5.9 e) and f) illustrates the spatial decay in the anomaly as potentials spatially 
return to background values. The potential decay observed in panels e) and f) of Figure 5.9 appears 
asymmetric.  An asymmetric voltage response likely indicates preferential flow paths, whereby spatial 
differences in pore fluid movement with respect to velocity or pressure would manifest accordingly as 
potentials. In this experiment, preferential flow paths may have developed as an artifact of the soil test 




Figure 5.9 a)-f) Time-lapse spatial distribution of electrical potential for Pulse 3 at 1.3 ms intervals, 
electrode (X) and PWP transducer(O) locations (contours in µV) 
A nearest neighbor approach is used to assess the correlation between excess PWP and EP 
response. PWP-1 and PWP-5 maximum peak impulse values are compared to the nearest electrodes 
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recorded on channels 12 and 13, respectively (see Table 5.2). Both PWP and electrode pair are 
symmetrically equidistant from the source location. The ratios of excess pwp to voltage response for the 
two locations presented in Table 5.2 indicate a consistently spatial correlation. 
Table 5.2 Nearest neighbor electrical potential and pore pressure 
Pulse 
PWP-Electrode 
1 - 12 
PWP-Electrode 
5 - 13 
[kPa] [µV] [-] [kPa] [µV] [-] 
1 4.8 197.5 0.02 4.9 172.9 0.03 
2 3.8 326.4 0.01 5.3 290.6 0.02 
3 3.3 194.7 0.02 4.3 194.3 0.02 
4 3.3 243.7 0.01 4.0 223.1 0.02 
5 3.5 160.7 0.02 5.3 196.0 0.03 
 
5.5 Harmonic Excitation 
Two series of dynamic tests are presented for excitation frequencies of 10 and 1Hz. The 10Hz 
excitation was performed with the Kulite XCL PWP transducers embedded Bed No. 1. Force data was not 
recorded during the 10Hz test on Bed No. 1. Following tests on Bed No. 1, the five XCL sensors were 
damaged beyond repair in another experiment. Kulite had taken the XCL transducer off of their 
manufacturing product list making them irreplaceable. The Keller 2Mie PWP transducers were 
purchased as suitable PWP transducer replacements. With the explicit goal of performing a dynamic test 
to record force data, the 1Hz excitation test was performed with the Keller 2Mie PWP transducers 
embedded in Bed No. 2.  
The primary difference between the sensors is the existence of a cavity between the porous filter 
and the measuring element in the 2Mie sensors. Care was taken to saturate the 2Mie sensors under 
vacuum, but results indicate that the 2Mie sensors may not have been fully saturated. As described in 
chapter 2, a detailed investigation of the 2Mie sensors dynamic response was performed to correct for 
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intrinsic amplitude and phase distortion. The XCL sensors had all been compromised before a similar 
investigation could be performed, leaving them uncorrected for dynamic effects. 
5.5.1 Excitation Frequency: 10Hz 
Similar to impulse tests, the schematic of the electrode layout and functional pwp transducers is 
presented in Figure 5.3. It is again worth noting that PWP-1 and PWP-5 are symmetrically equidistant 
from the excitation source. The loading platen use for 10Hz excitation testing was 10.2cm (4inches) in 
diameter (Ø) as indicated by the larger dashed circle seen in Figure 5.3. The test presented in this 
section was performed in displacement control. The loading actuator was prescribed a peak-to-peak 
10Hz oscillation of +/-0.5mm (0.02in) for approximately 40 seconds. Neither actuator load cell nor 
displacement readings were recorded. 
Following the nearest neighbor analysis comparison presented for impulse testing, Figure 5.10 a) 
through c) present the pwp response for PWP-1, PWP-4, and PWP-5, respectively. Figure 5.10 d) and e) 
present the voltage response from electrodes 13 and 12, respectively. It is evident that excess PWP 
recorded by all three transducers is characterized by an immediate response followed by an apparent 
exponential-like decay. Because the test was performed in displacement control, it is likely that the soil 
is compacted to a point below the extent of the peak-to-peak oscillatory amplitude (i.e., the platen is no 
longer in contact with the soil to generate pore pressure) resulting in the apparent decay in PWP.  As the 
soil is compacted, the pore water however remains at the same elevation. Consequently, an oscillatory 
pressure wave may still be generated that is detectable by the highly sensitive electrode array.  
Figure 5.11 presents the same panel of plots zoomed in to better illustrate the shape and duration 
of the PWP and EP responses. As to be expected, the central PWP-4 response at a peak oscillation 




Figure 5.10 Excitation Frequency 10Hz: a)- c) PWP, d-e) electrical potential 
The similarity in the response of PWP-1 and PWP-5 is consistent with their spatial locations with 
respect to the source location. As shown in both Figure 5.10 and Figure 5.11 panes a) and c), the EP 
response in channels 13 and 12 demonstrates significantly different trends. Chanel 13 has a respectively 
low initial response, with a gradual increase in oscillatory amplitude as the test proceeds. Chanel 12 
experiences a relatively large initial response, with a decreasing trend in oscillatory amplitude with time. 
One possible explanation for the difference in behavior is likely due to better or worse soil-electrode 
coupling. Upon inspection of the PWP response, however, it is possible to identify similar trends by 
comparing PWP-electrode pairs 13-1 and 12-5. 
Figure 5.12 presents 10 time slices of the time-lapse spatial distribution of electric potential 
response for the 10Hz test at the surface of the soil bed. Time slices a) through j) are captured 
approximately 1.5ms from one another for 1 ½ cycles of oscillation (e.g., the 3rd cycle near the peak 
oscillation as observed by electrode 12). Time slices a) through j) are indicated on sample time history 




Figure 5.11 Excitation Frequency 10Hz (zoom): a)- c) PWP, d-e) electrical potential 
Figure 5.12 a) and b) indicate a uniform development of a positive anomaly across the entire 
electrode array. The sequence of time panels in Figure 5.12 a), b), and c), again clearly indicate a 
centrally, uniform development of a positive anomaly. Figure 5.12 d) illustrates the system response as 
it returns to background levels. Figure 5.12 e), f), and g) captures the development of a centrally, 
uniform negative anomaly. Finally, panels h), i) and j) presents the voltage response as it proceeds to the 
next cycle by development of a consecutive positive anomaly. While the anomaly is largely central, it 
does appear slightly skewed to the north side of the tank. Increased voltage activity to the north may 
result from preferential fluid flow paths created by inconsistencies in compaction resulting from the soil 
bed reconstitution procedure.  
5.5.2 Excitation Frequency: 1Hz 
A series of dynamic test was subsequently performed in force control in order to record data from 
the MTS load cell during excitation. All of the XCL PWP sensors had at this point during this study been 
compromised, and their manufacture was in fact discontinued. For stress controlled test, five Keller 
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2Mie PWP sensors were embedded in the soil bed. Once again, two transducers became damaged and 
shorted for unknown reasons prior to testing.  The electrode array and function 2Mie sensor 




Figure 5.12 a)-j) Time-lapse spatial electrical potential at 1.5 ms intervals – 1.5 cycles at 10Hz, 
(color scale in [µV],time slices a)-j) for 1.5 cycles shown below as vertical lines) 
The 1Hz excitation force was prescribed a seating load of approximately 25kPa and an oscillatory 
amplitude of +/-10kPa. Because the test was run in force control, and due to the relatively low level of 
lateral confinement, this resulted in over 5mm of vertical platen displacement during seating and 




Figure 5.13 Electrode (X) and 2Mie PWP (O) transducer configuration with load platen (--) for 1Hz tests 
As described in chapter 2, the 2Mie sensors have a cavity between the measurement diaphragm 
and the porous filter. In an attempt to ensure saturation, the sensors were saturated under vacuum 
prior to being embedded in the soil. Analysis of the three functional transducers revealed that only the 
central transducer PWP-3 and the nearest exterior transducer PWP-4 (albeit poor quality) recorded an 
observable response, potentially indicating insufficient saturation of either the two exterior sensors or 
the soil bed itself. 
Compared with the mean excitation pressure of 25kPa, the PWP response was on the order of 
10kPa. Noting again that the test was performed in load control, it is presumed that the loading platen 
remained in contact with the soil for the duration of excitation. This may in part account for the fact that 
the excess PWP generated at 1Hz is approximately 10 times that generated during the 10Hz excitation. It 
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is also evident that there is no decay in PWP response, again suggesting the loss of soil-platen contact 
during the 10Hz excitation (i.e., displacement control test). 
 
Figure 5.14 Excitation Frequency 1Hz: a) stress, b) displacement time histories 
The quality of the EP response data was also significantly lower than the tests performed with the 
XCL PWP transducers. The spatial distribution of voltages do not demonstrate a uniform, central 
development of an electrical anomaly. Rather, the anomaly evolves in an off-center skewed fashion, 
with an apparent circular rotation during transition between positive and negative voltages, e.g., see 
Figure 5.16. Both poor quality PWP and EP response indicate issues with insufficient saturation of the 
soil bed pore space. The variability in the results obtained from testing with the 2Mie sensors at 1Hz 





Figure 5.15 Excitation Frequency 1Hz: a)-c) PWP, d)-e) electrical potential 
 
Figure 5.16 Spatial electrical potential at 1Hz 
5.6 Dry Testing 
To confirm that the voltage response recorded on the Bio-Semi electrode array was a result of 
streaming potentials occurring in the saturated pore space, and not due to an electromagnetic 
disturbance resulting from the load frame operation, two dynamic test were performed at excitation 
frequencies of 1 and 10Hz on ‘dry’ soil bed.  The soil was again prepared to approximately 6% 
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gravimetric water content to facilitate compaction to the same dry density as the test beds tested under 
saturated conditions. No additional water was added following soil compaction and placement. No PWP 
transducers were embedded in the soil bed, only EP data was acquired from the Bio-Semi electrode 
array. Dry tests were performed in force control with a prescribed seating load of approximately 250kPa 
and an oscillatory amplitude of +/-100kPa. 
Figure 5.17 and Figure 5.18 a), b) and c) present the excitation pressure, raw electrical potential 
data, and filtered electrical potential response for frequencies of 1 and 10Hz, respectively. Recall, the 
time synchronization between the two data acquisition systems (i.e., between excitation pressure and 
voltage data) is only approximate, but sufficient here for visual observation. Following seating, 
oscillatory excitation begins at approximately 15 and 16 seconds for the 1 and 10Hz tests, respectively. 
For both frequencies, a potential response can be observed at the onset of excitation in the raw EP data 
by a change in the linear drift trend of voltage response, see Figure 5.17 and 5.18 b). To investigate, the 
raw voltage data was band pass filtered similar to that described for data acquired from saturated soil 
bed testing, see Figure 5.17 and 5.18 c). The filtered data also appear to indicate the onset of excitation 
by an instantaneous or transient voltage response; however, it is clear that no harmonic response due to 
the oscillatory excitation is present. The instantaneous or transient response due to the onset of 
oscillatory excitation is likely due to a redistribution of electrostatic charge due to grain rearrangement 
and pore space compression. 
5.7 Conclusions 
This chapter presents a laboratory investigation that couples electric potential (EP) measurements 






Figure 5.17 Dry Test 1Hz: a) Excitation Pressure,  






Figure 5.18 Dry Test 10Hz: a) Excitation Pressure,  
b) Electrical Potential: Raw Data, c) Electrical Potential: Filtered Data 
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Time-lapse EP and PWP measurements induced by both impulse and harmonic type excitation 
(1 and 10Hz). Force data is presented for the impulse and 1Hz data. To investigate the influence of 
mechanically or hydraulically induced electric fields may have on EP measurements, a series of tests on 
a dry test bed are presented. 
The following conclusions can be made given the results presented in this chapter: 
• Both impulse and harmonic excitation lead to dynamic streaming potentials that can be 
observed in PWP and EP measurements. 
• Spatial and temporal trends demonstrate the ability of time-lapse EP to characterize dynamic 
evolutions in subsurface pressure gradients.  
• By comparison of impulse pressure and PWP transducer measurement, a spatial phase delay 
was identified between excitation and response. Due to the physical nature of the streaming 
potential electrokinetic coupling effect, it is presumed that the PWP and EP response occur in-
phase being simultaneous.  
• A uniform, nearly central distribution of positive and negative potential was observed across the 
electrode array during both impulse and the 10Hz excitation tests. A uniformly radial positive 
voltage response indicates radial fluid flow away from the source, consistent with a physical 
interpretation of pore fluid movement immediately following a central, compressional impact. A 
uniformly negative voltage anomaly indicates pore fluid movement returning in the direction of 
the source as the overpressure from the compressional excitation becomes relaxed. 
• Although nearly central, the dynamic potential distribution appears slightly asymmetric.  An 
asymmetric voltage response likely indicates preferential flow paths, whereby spatial 
differences in pore fluid movement with respect to velocity or pressure would manifest 
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accordingly as potentials. In this experiment, preferential flow paths may have developed as an 
artifact of the soil test bed preparation procedure. 
• Dry testing reveals that the mechanical operation of the load frame does not impact EP 
measurements. 
• The degree of soil saturation can significantly impact amplitude and phase measurements both 
PWP and EP measurements. 
•  The results presented here demonstrate great promise for additional investigation into the 
dynamic streaming potential phenomenon and the correlative relationship of EP to PWP. In 
particular, it is recommended that future investigations seek to develop more robust test 




ROADBLOCKS TO RESPONSIBLE INNOVATION: EXPLORING TECHNOLOGY DIFFUSION AND  
SPECIFICATION REFORM IN U.S. PUBLIC HIGHWAY CONSTRACTION  
This chapter was submitted to the Journal of Responsible Research and Innovation, referenced as: 
Kimmel, S.C., Toohey, N.M., Delborne, J.A. “Roadblocks to Responsible 
Innovation: Exploring technology diffusion and specification reform in U.S. Public 
Highway Construction.” Submitted to Journal of Responsible Research and 
Innovation. 
Often, the critical relationship between science, technology, and policy is overlooked in 
favor of blind technological advancement. To effectively participate in the advancement of new 
ideas and technologies, it is particularly important to understand why and how innovation may be 
perceived, received and accepted with respect to the socio-political environment it may be a part 
of. The contributions of this chapter add breadth to this dissertation with respect to the 
relationship between technology innovation diffusion and the policy environment and culture as 
they pertain to the diffusion a specific technology, Intelligent Compaction (IC), in the US Public 
Highway construction industry. 
The research performed in this chapter was performed as a collaborative effort with my 
fellow PhD student Shawn Kimmel. As the work presented in this chapter includes multiple 
authors, it is important to specify my personal contributions. Shawn and I performed research 
methodology design and conducted interviews jointly. The analysis was also conducted jointly, 
however, more in the fashion of partitioning work and writing with a collaborative review.  My 
personal contributions detailed literature review and summary of Kingdon’s theory, and sections 




The condition of the United States' highway system is deteriorating, with only 50% of roads in 
good condition, according to a recent report by the American Association of State Highway and 
Transportation Officials (AASHTO) [1]. The problem impacts not only state transportation budgets, but 
also individual motorists who spend on average $355 annually on vehicle maintenance due to poor road 
conditions [1]. One of the primary avenues for relieving this problem is technology innovation to deliver 
faster, cheaper and higher quality road construction [2]. However, the public road construction sector is 
notoriously resistant to adopting innovative technologies [3]. Responsible research and innovation in 
road construction requires a delicate balance between public safety and increasing demand, under 
unrelenting fiscal constraints. 
This paper seeks to understand the innovation adoption process in the highway construction 
sector in the context of specification reform. Oftentimes technological innovations are incongruent with 
current specifications, thereby requiring alteration of current policy prior to adoption. In these 
situations, DOTs must effectively employ technology assessment techniques to drive responsible 
innovation adoption. Using a case study approach, we follow a specific soil compaction quality assurance 
(QA) innovation, Intelligent Compaction (IC), which requires specification reform in order to be 
implemented.  
We use Kingdon's [4] theory of public policy agenda setting to investigate causal relationships 
behind technological innovation adoption through interviews with private and public sector 
professionals. In the application of Kingdon’s theoretical framework, we consider the practical impact of 
IC on the highway construction community, in the context of owners, contractors and end-users. Ethical 
motivations and technological governance are addressed with respect to perceived societal obligations 
relevant to responsible research and innovation (RRI) adoption. By applying Kingdon's framework in the 
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context of RRI, we are able to classify the dynamic processes of specification reform, identify the roles of 
key players in the diffusion process and illuminate the critical resources and personality traits that make 
these players influential. 
We begin by broadly considering the nature of technological innovation adoption within the U.S. 
Highway Construction Industry, as it pertains to certain ethical and governance concepts applicable to 
an RRI assessment. We then provide a succinct description of the technological innovation chosen for a 
case study, IC, followed by a section explaining highway construction specifications and the 
organizational structure of this industry. Additionally, we detail the formal process by which 
specifications are changed. The third section reviews Kingdon's policy agenda setting theory in the 
context of highway construction specification reform. The fourth section discusses the methodology and 
analysis underlying this study. The final section presents insights gained through the application of 
Kingdon's framework and RRI concepts to the key people and processes that have played a part in the 
diffusion of IC.  
6.2 Responsible Research and Innovation Adoption in US Highway Construction 
The goal of RRI has been described as advancing the concept of "science for society, with society" 
[5].  RRI attempts to balance between fundamental research and a societal need for progressive and 
appropriate technological developments [6]. Such a balance requires ethical consideration with respect 
to social obligation and technological governance by engaging all actors within a given network [6]. 
Stilgoe [7] notes that "as the power of technology to produce both benefit and harm has become 
clearer, debates concerning [societal] responsibility have broadened" [8]. RRI expands the occupational 
role responsibilities of policy makers, scientists, and engineers to take the public's best interests into 
focus [9].   
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RRI concepts are particularly applicable to a public transportation institution such as the U.S. 
Highway Construction Industry. Seaden and Manseau [10] investigate governance roles in construction 
policy environments to gain insight into innovation systems and processes whereby the balance 
between public and private sector interests is paramount. This balance is maintained by policy 
negotiations between political appointees, career bureaucrats, industry leaders and the public. Gann 
[11] notes that the “built environment” is typically paid for, owned, used, maintained, and regulated by 
people from different institutions. Policy decisions must reflect the shared, and differing, objectives of 
all stake holders [7][11]. Seaden and Manseau also specifically cite that a greater emphasis on 
construction performance against defined objectives (e.g., community values, construction economics 
and efficiency, long term sustainability, etc.) is likely to enhance innovation adoption proclivity. The 
present study highlights these RRI attributes with specific application to the U.S .Highway Construction 
Industry. 
An important piece of responsible innovation is institutionalizing effective procedures for 
technology assessment: 
"institutionalization of established approaches of anticipation, reflection, and deliberation in 
and around research and innovation, influencing... associated policy" ([5], p755]. 
The institutionalization process of technological innovation adoption within the U.S. Highway 
Construction Industry is particularly complex, involving various stages of adoption, including 
demonstration, validation and governance. The industry itself is notoriously resistant to adopting 
innovative technologies [3], in part because governance structures have been identified as significant 
obstacles to the successful integration of research and innovation [12]. This research investigates the 
processes internal to the U.S. Highway Construction Industry by which issues become prioritized, reach a 
decision agenda [4][12], and ultimately become adopted into practice.  
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It is not yet clear what the specific application of RRI concepts to the highway construction 
technology adoption will yield. Are effective feedback and evaluation systems in place? Is the culture of 
technology adoption maximizing societal benefit, or does the industry suffer from overly conservative 
decision making? Of particular interest to this research is determining the ethical motivations of policy 
makers and engineers with respect to their perceived societal obligations. We also specifically seek to 
characterize the processes of technological innovation governance and how they ultimately influence 
adoption and institutionalization. 
6.3 Intelligent Compaction 
This paper focuses on the diffusion of IC, a technology used for monitoring soil compaction quality 
during soil compaction. We first describe the traditional practice of soil compaction and specification 
thereof that is common to nearly every highway project. We then explain how IC changes this activity - 
not just by adding a new tool, but by improving efficiency and quality of roadway construction. 
Every structure that interfaces with the earth must have a mechanically stable foundation. 
Roadways typically use compacted soil for this foundation. While there are several practices for 
compacting soil, highway construction often uses roller compactors because of the speed with which 
they can compact large tracts of soil. On a highway construction project, soil compaction must meet 
certain specifications that seek to ensure a mechanically stable structure. 
The specification of soil compaction is not entirely straightforward, due to the complex nature of 
soil. Highway design engineers specify foundations in terms of “stiffness.” Soil stiffness reflects the 
resistance to vertical deflection under a given load or stress, and is measured in units of stress or force 
over deflection. 
Stiffness development through compaction is particularly important to ensure the mechanical 




Figure 6.1 . Example of a roller compactor used on highway projects. [13] 
Due to soil's mechanical complexity, there is a multitude of ways to define its stiffness, only a few 
of which are used in pavement design (e.g., resilient or elastic modulus).  A modulus value, however, is 
notoriously challenging to quantify in the field. IC presents one of the first opportunities to quantify the 
in-situ stiffness of a soil.  
In current earthwork construction, soil compaction is typically specified in terms of target density 
and water content (per ASTM D698 [15]), based on the assumption that there is a phenomenological 
correlation between these parameters and modulus. The relationship between modulus and density/ 
water content is not fully understood, leaving an unresolved discrepancy between design, construction 
specifications, and operational performance. 
There are several technologies for evaluating soil compaction. The most widely used are the 
Nuclear Density Gauge and Sand Cone, which measure density and water content at discrete locations 
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on the roadway. These methodologies provide less than 0.1% spatial coverage of the constructed soil 
layer, and require stoppage of construction activities that can lead to considerable delays [16]. Poor 
spatial coverage can lead to acceptance despite the presence of areas with insufficient compaction or 
water content. Contractors attempt to avoid construction delays at all costs and generally perceive soil 
compaction monitoring as a hindrance to progress.  
IC is a machine-integrated soil compaction evaluation method that reports in real-time during 
construction. IC vastly improves coverage of soil testing (i.e., from <0.1% to virtually 100%) [17] ensuring 
a more comprehensive performance evaluation. Furthermore, IC provides real-time measurements, 
eliminating the delays associated with conventional spot testing techniques.  
Many IC systems, including those for vibratory compaction, are correlated to the stiffness of the 
soil, which is more congruent with mechanistic design characteristics. One problem is that the stiffness 
measurements provided by these systems are not standardized between manufacturers. Each IC 
manufacturer has a proprietary stiffness measurement value that does not replicate any widely used 
stiffness parameter [18]. This lack of standardization requires site specific calibration of IC and 
complicates the provision of standardized specifications for IC [IC Reports]. In effect, technology 
innovation (i.e., IC) requires policy innovation (i.e., a standard for stiffness measurement values that 
cross technological platforms). IC for vibratory compaction thus represents both a change in process and 
measurement quantity of a QA program specification.  
Such dramatic procedural change can encounter significant resistance with respect to an 
institutional status quo. A NCHRP study [19] on the culture within the highway construction sector 
reported that institutional inertia poses a considerable barrier to innovation. This report goes on to say 
that several factors such as risk, economy and quality can serve to either enhance or inhibit such a 
process conversion.  
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In Colorado for example, the CDOT Field Materials Manual states that there is no intention to 
discourage contractors from developing and/or implementing 'better or faster methods of testing' [20] 
than those suggested as acceptable QA protocol or technologies. CDOT by no means, however, provides 
incentive to develop new testing technologies and in fact requires a complicated and rigorous approval 
process by both independent and federal regulatory committees [20]. This paper identifies specific 
pathways by which IC has begun to diffuse into becoming an accepted performance evaluation 
technology for QA program specification. 
6.4 Highway Construction Specifications 
Specifications are the primary method used by highway construction project owners to ensure 
that the desired level of quality of construction is achieved. Simultaneously, specifications can be 
barriers to innovation because of their rigidity.  Here we define specifications in the context of highway 
construction projects and the process by which they can be changed, e.g., to allow for the adoption of 
an innovation. We also discuss the key players in the highway construction industry that help shape 
these policies. 
Construction specifications provide the basis for performance evaluation, and serve as a crucial 
link between a construction project owner (State DOT) and construction contractor. They are coincident 
to all infrastructure projects, typically involving the development of a Quality Assurance (QA) Program 
[20]. Through QA programs, 'materials, products, and workmanship' [20] are ensured to meet 
specifications by providing evidence and documentation for both acceptance and archival purposes [20]. 
Statewide manuals outline specifications that dictate almost every aspect of a project from the types of 
soils and concrete mixes used, to the spacing of rebar in bridges, to the degree of compaction of each 
layer of a roadway, etc. 
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There are several key players in the highway construction arena, as shown in Figure 6.2, all of 
whom contribute to specification formation and implementation. State DOTs are the majority owners of 
almost all highway construction projects, and as such set and maintain the current specifications. 
Proposed changes to the current specifications must pass DOT review, in addition to review by several 
external parties. Supplementary funding for highways is often provided by the Federal Highway 
Administration (FHWA), giving them the power to review specification changes. Each state has local 
chapters of the Associated General Contractors (AGC) of America that represent the interests of the 
contractors in a given state. The AGC is consulted to ensure that new specifications are not too onerous 
on contractors. In the case of special specifications, the construction contractor on the project is a key 
player in shaping the new policy. Other parties may play various roles on a case-by-case basis, such as 
academic consultants, private financial investors, etc. 
The state DOTs are the most important players in specification reform, often initiating reform as 
well as passing new policies. Therefore, it is critical to understand the state DOTs' decentralized 
organizational structure. State DOT organization is similar across the United States, with only minor 
variations from state to state. The DOTs geographically split their state into several districts that are run 
by district offices. These offices manage the majority of roadway construction projects, with the 
exception of special projects (e.g., large or complicated projects) that are managed by the central office. 
The central office handles specifications, research, and funding distribution. While the district offices 
receive funding from the central office, they have the freedom to manage projects largely at their own 
discretion; although these district offices will, at times, request technical guidance from the central 
office, for example, in the case of innovative technologies. As we will demonstrate, this operational 




Figure 6.2. Structure of highway construction specification formation and implementation. 
Certain innovations, such as IC are incompatible with current statewide construction specifications 
and require specification reform for implementation. New specifications are introduced in two phases: 
project specific pilot or special specifications and statewide specifications. Special specifications are a 
way to trial a new form of specification while limiting the risk of failure to a single project. These 
specifications may even be introduced as shadow specifications that are implemented in addition to 
existing specifications to further limit risk. Multiple special specifications may be created within a single 
state for a given innovation until a document general and successful enough emerges and can be 
adopted for statewide specification reform. Statewide specification revision differs in frequency from 
state to state, ranging from 1 year to 10 years. Both special and statewide specifications must be 
approved via a specification review committee, composed of high level officials including chief engineers 
and division heads.  
To our knowledge, IC has yet to pass statewide specifications in any state, but special 
specifications for IC exist in at least 10 states. As a result, this research focuses mostly on the passage of 
special specifications, the crucial first step for any emerging technology in highway construction. 
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6.5 Kingdon’s Theory of Public Policy Making 
Scholars and other external observers have sought to understand the manner by which public 
policy manifests change (e.g., [21]). John Kingdon [4] presents a formalized theoretical framework in an 
attempt to characterize policy reform activities. Kingdon begins by identifying the plethora of topics 
associated with a given domain, which individually may or may not be paid serious attention. Of 
particular interest is the narrowing process by which specific issues and initiatives become selected to a 
decision agenda from what could otherwise be described as an infinite realm of possibilities. Kingdon’s 
theory of public policy making establishes a framework that enables us to understand and identify the 
motivations and drivers behind setting the decision agenda within a given institution. 
Kingdon’s theoretical framework describes public policy agenda setting as a confluence of three 
streams: problem definition, policy solutions, and political environment. A problem must be defined to 
attract sufficient attention and ultimately warrant resolution. A number of policy solutions may evolve 
that fit certain criteria including demonstrating technically feasibility and aligning with specific problem 
related values. Finally, the prevailing political environment must be conducive to changes in the domain 
in question [22].  
Kingdon’s stream analogy exemplifies the dynamism associated with each of the three 
components of policy formulation. These processes develop and evolve coincidentally rather than 
according to a formal or linear progression [22], as borrowed from the Garbage Can model of Cohen et. 
al. [23]. Policy reform results from streaming confluence under a window of opportunity opened by both 
specific causality as well as probabilistic serendipity [21]. 
Kingdon conceptualizes the interaction of three streams in the context of decision agenda-setting 
and policy making at the federal level. Scholars have suggested that Kingdon’s framework may, 
however, apply more generally to all policy environments. Kingdon’s analysis approach has been applied 
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to policy environments such as state legislative bodies (e.g., [24]) and federal scientific-bureaucratic 
institutions [25]. In nearly all cases, authors have ultimately identified theoretical limitations with 
respect to specific application outside Kingdon’s original lens. 
6.5.1 Problem Stream  
Kingdon posits that problems are defined or punctuated in response to conditions that violate 
social values [24]. Due to the rather compartmentalized nature of the US highway construction sector, 
i.e., individual state DOT dominance, value identification and consensus is far from widespread. With 
respect to specific values, the emergence and diffusion of IC is largely in response to perceived problems 
with regard to product uniformity, design specification conformity, budgetary economy, and 
construction quality. In fact, a particular challenge in the highway construction industry is that the 
interpretation of these values is largely subjective. IC provides a solution that implies a particular 
problem that may or may not exist, depending upon whom you ask.  
Kingdon conceptualizes how a problem may be defined by discussing several indicators [4]. Among 
others, problem punctuation by formal study is particularly appropriate to consider in the IC case study. 
He notes that research studies often serve to quantify the actual magnitude of a problem. Studies 
performed by academic, governmental, or non-government agencies can better characterize how the 
problem is defined and how significant it may or may not be. Kingdon specifically cites the effectiveness 
of systematic engineering studies in the case of highway and bridge repair ([4], p. 91).  
With regards to soil compaction, there are no comprehensive studies quantifying the impact of 
conventional spot testing methods on highway lifecycle costs and quality. It is generally accepted that 
soil's heterogeneity can lead to considerable spatial variations in compaction, and that poor compaction 
leads to reduced roadway performance in the form of potholes, cracking, and other failures. Studies on 
IC have repeatedly shown the level of soil compaction to vary widely within test sites. Practitioners will 
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admit that spot testing is highly sensitive to location. However, the extent to which monitoring related 
occurrences of sub-par soil compaction lead to decreased performance has not been established. 
The lack of a universally accepted assessment of the perceived problem associated with IC 
adoption critically impacts problem stream development among key players. Kingdon acknowledges 
that a lack of values consensus can at times trump even scientific evidence or documentation of a viable 
policy alternative. Our research has specifically targeted problem punctuation mechanisms in the case of 
IC.  Additionally, the relationship between values consensus and personal character with respect to 
problem punctuation is evaluated. 
6.5.2 Policy Stream 
Kingdon describes a policy "primeval soup," ([4], p.116) in which many undeveloped ideas coexist, 
evolving until one or more policy alternatives gain prominence. These ideas are created by specialists 
within the "policy community", ([4], p. 117). The criteria for survival is based on their "technical 
feasibility" ([4], p.131) and "value acceptability" ([4], p.132), among other things [4]. Here we discuss 
idea generation and survival as it pertains to highway construction.  
Idea generation in the highway construction policy community occurs hand-in-hand with the 
evaluation of technical feasibility, typically via research studies. These research studies, almost always 
conducted via pilot implementations, not only provide scientific evaluation of various policy ideas, many 
go so far as to provide explicit policy recommendations. In this regard, pilot studies become the most 
active contributors in the "primeval soup". For example, one of the most comprehensive research 
papers on IC listed as its second overall goal to provide "recommendations for using the compaction 
monitoring technology in practice" [26]. In another example, researchers state "Field spot tests are 
essential to IC implementation to provide correlation to IC measurements" [27], and go on to suggest 
methodologies for these correlations. The FHWA, a main funder of IC research projects, provided an 
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example specification based on research they funded [28]. While these reports are building blocks for 
future policy, Kingdon's analogy of a primeval soup fittingly describes the evolutionary process by which 
finalized policies are formed. 
While formation of IC policies in the primeval soup center on technical feasibility, values-based 
negotiations are still very much a part of the process, perhaps trumping technical consideration in many 
cases. In IC policy, there are several points on which key players may disagree, including: calibration 
frequency and method, percent coverage that must pass a certain threshold, and the value of that 
threshold. Multiple solutions may have similar enough technical validity, ultimately resulting in a values-
based decision making process. 
6.5.3 Political Stream 
The political stream describes the propensity for policy change in the current political 
environment. In Kingdon's analysis of federal legislative bodies, political environment typically refers to 
the distribution of political party affiliation [4]. However, he notes that this is not an exclusive 
interpretation of political environment, and in fact, within transportation regulation there is a distinct 
lack of political party affiliation. In this paper, we investigate surrogate ideological affiliations that may 
guide decision making processes.  
In his theoretical formulation at the federal level, Kingdon locates primary decision-making 
authority with political appointees. He prescribes only minor decision support to civil servants. However, 
in highly technical institutions such as DOTs it is possible that the balance of power between political 
appointees and civil servants may be distributed differently. 
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6.5.4 Policy Entrepreneurs 
Policy entrepreneurs serve to raise awareness and garner support for issues, problems, and 
solutions within the surrounding network. Policy entrepreneurs are ultimately responsible for 
orchestrating the alignment of Kingdon’s three streams. Kingdon identifies three categories of incentives 
pursuant of the entrepreneur: personal interest, values promotion, and pure enjoyment of the game [4]. 
Kingdon does not, however, discuss which incentives may be more or less likely to prevail in a given 
policy arena. Interestingly, it appears that the values promotion category of policy entrepreneur 
exemplifies many attributes associated with RRI, namely a strong ethical commitment to maximizing 
societal benefit.  
Kingdon rightly identifies the critical role of the policy entrepreneur in the agenda setting process. 
The framework may however underappreciate inequalities in power and resources between various 
stakeholders and policy entrepreneurs assuming roles at different locations within a network.  For 
example, Blackman [8] discusses the disproportionate weighting of financial power in the context of the 
tobacco industry lobby at state level. Further, Kingdon’s theory does not characterize the different roles 
that policy entrepreneurs may assume with respect to their allocated resources. Interestingly, the IC 
case study identifies entrepreneurs at different levels of the network with markedly different roles and 
resources. 
6.5.5 Joining the Streams 
Policy issues reach the decision agenda via policy windows that are opened during the confluence 
of the three streams. According to Kingdon, the opening of these windows is due to a combination of 
serendipity and influence of policy entrepreneurs. 
Kingdon ([4], p. 20) notes that the three streams typically couple during brief windows of 
opportunity. Kingdon suggests two primary mechanisms by which final stream coupling may occur, 
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either via problem or political motivated policy windows. Problems may suddenly capture the attention 
of political figures, thereby pushing it into the forefront of decision making agendas. Conversely, a 
notable shift in the political stream, such as a turnover of administrations, can provide the alignment 
and momentum change necessary to open a policy window. We investigate the presence of both types 
of policy windows in our paper.  
According to Kingdon, the three streams exhibit a dynamism that evolves independently and 
coincidentally to one another, coupling only at critical moments [8]. Several authors have noted a more 
connected relationship between stream developments. Kelly [24], applying the framework via 
examination of state level policy related to public schools, noted that state legislative bodies are not 
free to act as autonomously as federal entities, indicating that a purely independent development of the 
three streams is questionable. Harrison et. al. [25] found that for scientific-bureaucratic institutions, the 
problem and political streams exhibited a high degree of overlap. This study, in fact, identifies a strong 
coupling between the problem and policy streams.  
Indeed, the confluence of the three streams relies upon several factors that vary with specific 
instance. One component, however, seems rather universal to bolstering convergence: the role of the 
policy entrepreneur. Nearly all of the supporting literature has identified the critical importance of 
individual champions within institutions to initiate various activities that ultimately coalesce to drive 
policy innovation (e.g., [24], etc.). Policy entrepreneurs exert their time, energy, reputation, and money 
to join together the three agenda-setting streams. 
6.6 Methodology 
We conducted interviews in order to investigate causal relationships and key players in the policy 
reform and innovation diffusion process. Interviewees included members from several state DOTs, 
comprising employees from both central and district offices, FHWA officials, construction contractors, 
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and QC/QA contractors. The position of interviewees ranged from project managers, to research 
engineers, to materials engineers. Participants were initially selected by cold calling individuals 
connected to intelligent compaction by technical reports. Additional participants were identified in a 
snowball fashion, whereby interviewees were asked to suggest other candidates from their professional 
network. The process was considered complete once we had collected data from participants at all 
affiliations deemed important by the interviewees. Additionally, at this point, conclusions drawn from 
interview materials tended to converge.  
Interviews were conducted face-to-face and over the phone, typically lasting about an hour. A 
predetermined set of questions formed the basis for about half of this time period, with the remainder 
of the interview being a free-form discussion allowing participants to direct the conversation into rich 
areas. All interviews were recorded for analysis purposes and coded using Dedoose (see 
www.dedoose.com). Dedoose is an online qualitative data analysis tool. We used this tool to facilitate 
the organization and quantification of interview results. 
6.7 Analysis 
We use Kingdon’s theoretical framework [4] to analyze the policy environment surrounding the 
diffusion of IC. The framework generally applies well to the IC case study; however, coincident with the 
literature, the specific application of Kingdon’s theory to the IC policy environment does reveal certain 
limitations. In tandem with Kingdon’s framework, we consider various RRI concepts, e.g., ethical 
motivation and governance, with respect to IC diffusion and adoption within the highway construction 
community.  
First, this research identifies the importance of personal character among key players, with 
respect to both problem definition and innovative championship. Second, regulation with state and 
federal departments of transportation (DOT) is a highly technical policy making environment, resulting 
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in some deviation from Kingdon’s original formulation. Third, while we found policy entrepreneurs to 
exist at all levels of the policy making environment, this research found the most predominate roles to 
be internal to a DOT. Policy entrepreneurs posses ideologies congruent with responsible research and 
innovation. Finally, we address certain limitations in applying Kingdon’s theory to the joining of the 
three streams in the DOT regulatory environment. Contrary to Kingdon’s general theory, we identify a 
tight coupling between the problem and policy streams in the case of IC diffusion at all times, rather 
than solely during the formation of policy windows. We also address the prevailing path by which IC 
policy is ultimately raised to the decision agenda. 
6.7.1 Personal Character  
The personal character of key players and stakeholders critically impacts innovation diffusion and 
acceptance in the IC policy environment. Kingdon [4] notes that personal character may play a role in 
explaining the motivations of policy entrepreneurs. However, we found this theme to run much deeper. 
Not only is personal character paramount in explaining the behavior of policy entrepreneurs, but it also 
defines ideological affiliations of participants in the political stream. Kingdon's theory minimally explores 
of the powerful impact of personal character, and its prevalence here is perhaps unique to the highway 
construction sector in which there is a distinct lack of external motivators for participants.  
This section discusses how personal character applies to individuals in the network. Of particular 
importance is the degree to which individuals possess an intrinsic proclivity towards innovation. 
Furthermore, policy entrepreneurs demonstrate extremely unique personal quality by challenging the 
status quo, often enduring personal and professional risk to promote innovation. RRI speaks of the 
expanding occupational responsibilities of technologists to evaluate the societal benefits and risks of 
innovations [9]. Are individuals with a proclivity for innovation merely risk prone, or are they striving for 
the ethical guidelines being pioneered in RRI literature [7][9]? This research indicates that, regardless, an 
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individual’s intrinsically felt obligation to improving societal quality stems from personal character, even 
in the face of significant risk or obstacle. In the following section, DOT Regulatory Environment, we 
discuss personal character in the more general context of the political environment.  
Project level implementation of IC is very specific to the personal character of the participants 
involved. Personal character impacts how, and if, the problem is defined depending on whom is being 
asked. This study reveals that general tendencies toward innovation appear to be truly sustained at the 
personal level. This study ultimately identifies the importance of personal character over institutional 
character, with respect to both problem definition and innovation championship.   
6.7.1.1Innovation Proclivity 
Nearly all participants in this study identified innovation proclivity as a critical driver to the 
acceptance of IC diffusion. Many study participants further related this characteristic to an individual's 
outlook on change in general. One participant stated, "Personalities, one word...", when asked to 
comment on DOT climates that may foster or hinder innovation. There were references to individuals 
that were either innovators or "sticks in the mud". While there is likely to be a much smoother gradation 
of a person's level of innovation proclivity, this personal characteristic was a central theme. 
In the case study on IC, there is hardly a clear distinction between a "situation" and a "problem". 
An individual's innovation proclivity impacts this distinction. In the case of IC, this personal characteristic 
can even serve as a more critical decision making factor than exposure to technical and visual evidence 
of performance improvements. In fact, one participant indicated that often times personal character can 
outweigh technical research and field validation of IC with disinterest and lack of acceptance. This 
statement indicates that, at least for some individuals in decision making for technology adoption, 
institutional inertia can be a stronger driver than the ethical criteria of societal benefit that an RRI 
framework places on technical decisions. At the very least, one's innovation proclivity impacts the way 
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they interpret policy alternatives and problems, not to mention what values they base their decisions 
upon. 
What makes an individual tolerant of innovation and risk? To answer this, we can leverage the 
large body of literature concerning innovation. Our study found a positive correlation between level of 
education and proclivity towards innovation, with 100% of participants with advanced degrees having 
specific examples of supporting an innovation. This concept concurs with prevailing literature, which 
suggests that individuals with an advanced structural organization of knowledge are better innovators 
[29]. We did not find any correlation between age and innovation, further supporting claims that 
innovation tendency is independent of age [29]. In interviews, supporters of innovation were often 
described as capitalizing on membership to sizeable professional networks, which agrees with research 
that shows a statistically significant correlation between one's personal network and diffusion of 
innovations in housing construction regulation [30]. Interviewees particularly emphasized the role of 
professional networks in providing exposure to a variety of ideas and demonstrations, and commanding 
a degree of credibility contributing to the capacity to spread ideas. 
In addition, this research has identified cases where participants claimed to be innovative and 
open to new technologies such as IC, yet the practical reality appeared otherwise. No participant was, 
however, an explicitly, self-proclaimed hindrance to innovation. 
6.7.1.2 Policy Entrepreneurs and RRI 
Of the incentives for policy entrepreneurs that Kingdon discusses, the most pertinent to IC policy 
is that of values promotion. The policy entrepreneurs identified in this study had no personal gain from 
the success of IC and did not appear to be “policy groupies” ([4], p.123).  Beyond Kingdon, we identify 
this type (i.e., values promotion) of policy entrepreneur as the best reflection of RRI ideologies, in that 
they exemplify an ethical motivation to provide the most progressive and appropriate products and 
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policy to society. This sense of social responsibility can be seen in their perseverance in the face of 
significant institutional inertia and lack of personal benefit. 
Most important to understanding ideological stances, we look at motivation. An individual's 
stance on innovation and risk can be motivated either intrinsically or extrinsically. A study surveying 
eight DOTs found that the institutional incentives for innovation consisted solely of recognition [31]. 
Incentives that were mentioned included recognition in newsletters, and notoriety from technical 
conferences. Study participants reported that these extrinsic incentives do not drive policy 
entrepreneurs. Participants resoundingly attributed personal character, i.e., intrinsic motivation, as the 
dominant catalyst for policy change. Interviewees described champions of innovation as risking their 
short-term performance goals and professional reputations. One participant said of innovating, "You’re 
swimming up Niagara falls, and your reputation is on the line”. Yet, these individuals are the key to 
developing the political stream, and are active proponents of RRI principles. 
6.7.2 DOT Regulatory Environment 
The structure of the DOT has specific implications on RRI principles that are revealed through 
Kingdon's theory. The DOT regulatory environment is referred to herein as a scientific bureaucracy [25]. 
So-called scientific bureaucracies are said to privilege scientific research as the basis for bureaucratic 
policy output [25]. We find this feature to significantly impact the implementation of socially responsive 
innovation in two ways. Firstly, rather than political affiliations, which Kingdon discusses as the most 
relevant ideological affiliation guiding agenda setting, we found participants identified themselves along 
lines of their proclivity for innovation. In this regulatory environment, we found this proclivity for 
innovation to be deeply rooted in participants' perceived sense of social obligation. Secondly, the heavy 
weighting of scientific research in the decision making process creates additional barriers to societal 
feedback. For example, where Kingdon finds political appointees to have a strong influence on agenda 
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setting, in DOTs we find career bureaucrats, with no explicit societal representation, to hold the majority 
of power and resources over regulatory reform. Further, this regulatory environment exemplifies the 
fact that senior policy makers work at some distance from the actual decision-making process at the 
regional level regarding the choice of innovative technologies and new organizational processes [11].  
6.7.2.1 Ideological Affiliation 
Proclivity to innovation and risk taking are the most relevant ideological affiliations to this case 
study, as opposed to political party as discussed by Kingdon [4]. Individuals throughout the network can 
either contribute to or impede the progress of a policy change related to IC. In interviews, the 
innovation proclivity characteristic appeared to be the strongest indicator of their support for adoption. 
The dominance, or lack thereof, of this ideology can vary highly from state to state, and within different 
networks in the same DOT. Changes in the political makeup of a DOT network depend primarily on 
turnover of positions. Some participants felt that long term shifts in political makeup were occurring due 
to promotion criteria and practices. While this phenomenon seems possible, studying these changes was 
beyond the scope of this study, and would be worth further consideration.  
Personal ideology underlies the discussion not just on innovation proclivity, but an individual’s 
perceived societal obligation as well. As previously mentioned, policy entrepreneurs within the DOT 
regulatory environment appear to operate without expectation of personal gain. Instead, they are 
compelled by a sense of ethical responsibility to provide society with the most progressive and 
appropriate product and/or policy, despite significant institutional inertia and potential risk to their 
professional reputation. 
6.7.2.2 Bureaucrats vs. Political Appointees 
Kingdon stresses the role of political appointees in defining the political environment, suggesting 
the existence of a top down power structure: "the appointees, not the career civil servants, are the 
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movers and shakers" ([4], p30). Our findings, however, indicate that this model for federal policy agenda 
setting differs considerably from state transportation construction policy agenda setting. None of the 
study participants indicated the influence of the politically appointed DOT directors to be a significant 
factor in IC adoption, or innovation in general. DOT regulatory reform appears to occur outside the 
influence of appointed positions and in fact, civil servants tend to operate as policy entrepreneurs.  
This agenda setting structure is perhaps due to the highly technical nature of infrastructure 
construction. Specialists, in the form of civil servants, are disposed with more agenda setting power than 
appointees. Yet some DOTs are clearly the front runners in use of IC, suggesting the presence of unique 
conditions at these DOTs.  Identifying the institutional positions within which these entrepreneurs act is 
the first step in understanding a political environment. 
We propose a method for identifying a DOT’s ideological distribution through a classification 
system based upon participant interviews. The manner in which a political environment becomes 
conducive to policy change involves strategic, albeit serendipitous, positioning of four key roles 
presented in. First, there are “policy explorers” that manifest problem awareness and demonstrate 
technical feasibility, often having to battle institutional inertia. Interviews revealed these individuals to 
exist as DOT research engineers, DOT district engineers, and construction contractors. For an innovation 
to proceed to the next level, explorers must make a successful hand off to “policy pioneers”. Pioneers 
are individuals willing to expend political leverage, energy and resources to implement a new 
technology, such as IC, on DOT projects. This entails passing a special specification for the project, 
requiring political influence that can typically only be exerted by a DOT District Engineer or a contractor. 
Special specification passage generally requires an iterative interchange between the these two key 




Figure 6.3. Depiction of three of the four roles required for innovation adoption in highway 
construction: explorers research potential innovations; pioneers apply promising innovations on 
projects through special specifications; and gatekeepers determine if an innovation is suitable for 
statewide use. The fourth role, leaders, help to coordinate and motivate the interactions of the other 
roles. 
Upon successful implementation of the innovation via the special specification, it can be 
considered for full adoption by the gatekeepers, whom often sit on a specification review committee. 
Gatekeepers provide a final interpretation of the overall innovation adoption impact to aid in the 
specification reform process. Specification review committees vary in composition between states, but 
often include chief engineers and division engineers. Gatekeepers also include certain outside 
organizations, including funding agencies (e.g., FHWA) and professional organizations (e.g., AGC) that 
that participate in the specification review process. Finally, there must be leaders willing to endorse an 
unaccepted technology via a vast political network. Leaders are critical in coordinating and motivating 
the hand-off between the aforementioned levels. This power anecdotally resides in high ranking 
management positions. When there is ideological alignment of individuals in exploring, pioneering, 
gatekeeping, and leadership roles, the political stream is ripe for innovation-based policy agenda setting.  
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6.7.3 Key Roles of Policy Entrepreneurs 
Coincident with Kingdon’s theory, policy entrepreneurs can exist at any level or position within the 
political environment surrounding IC. However, the vast majority of policy entrepreneurs identified by 
participants in this study were DOT employees. This research has specifically identified policy 
entrepreneurs within a DOT in the roles of research engineers or district level engineers. These 
employees possess the resources to build support and ultimately promote the subject to a level of 
authoritative decision and specification. External contractors have also been carriers who brought IC 
into a project at their own interest and expense, but this appears to be the exception. Surprisingly, the 
IC equipment manufacturers, who perhaps have the most to gain from a policy change, appear to have 
no direct representation in the form of a policy entrepreneur. 
The most common source of problem identification is via internal promotion within a 
governmental agency, be it a state DOT or federal authority. This research has identified policy 
entrepreneurs at various levels within both state and federal organizations. Whether a research 
engineer or district manager, all study participants indicated the necessity for policy entrepreneurs to 
bring the problem to the attention of key players. Entrepreneurs are responsible for actively raising 
awareness to convince colleagues in positions of power that IC was an endeavor worthwhile. 
Research and district level engineers are each dispatched with distinct powers that enable them to 
be effective policy entrepreneurs. Research engineers are the technical experts of the DOT organization, 
making them a collection point for technical problems in the organization and giving them the 
credentials to suggest solutions to individuals across the DOT. Furthermore, these individuals are given 
funds to conduct research, including pilot projects, which we have identified as a key mechanism for 
spreading problem awareness and getting support for policy solutions. Research engineers are able to 
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leverage their credentials and funds, in combination with their professional networks, to couple the 
problem and policy streams. 
District level engineers possess considerable decision making power due to the decentralized 
nature of DOTs. Respondents unanimously agreed to the near autonomy of districts in conducting their 
projects. One interviewee said "the district is the customer," implying the central office provides services 
to the districts as opposed to managing them. If a district engineer decides he wants to use an 
innovation on a project, he holds the political power to put related policy issues on the agenda. 
Specifications still need to be approved by a committee that may contain other district engineers and 
high ranking officials in the central office, but the agenda setting for special specifications is controlled 
at the district level.  
Policy entrepreneurs may also be external to the governmental agency, residing at the level of 
external contractors. In sparse cases, a contractor has taken initiative to suggest or integrate usage of IC 
on a specific project.  As mentioned, the motivation here is achieving improved quality and/or cost 
efficiency. For example, one respondent cited a contractor using IC to provide additional as-built 
construction documentation in the advent of future litigation. Regardless of specific motivation, this 
form of diffusion appears less common without mandate or specification due to lack of incentive. In 
addition, self promotion of IC use tends to be a luxury reserved for larger contractors responsible for 
larger projects. 
Surprisingly, we did not identify any policy entrepreneurs from equipment manufacturers. It 
would seem that these companies would stand much to gain from IC reaching the decision agenda, 
thereby increasing market penetration. Representatives of manufacturers (and their dealers) seem to 
almost exclusively court contractors with this technology, despite the importance of DOT buy-in. It is 
worth noting that equipment manufacturers will contribute equipment and engineering time to pilot 
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projects, but this typically results from partnerships with contractors or researchers. Their lack of 
interest in the policy realm appears a function of their business model, which does not promote 
interaction with governmental bodies.  
6.7.4 Joining of the Streams 
Kingdon discusses the confluence of streams as policy windows, critical points in advancing policy 
issues when an opportunity for the issue to reach the decision agenda exists. Yet, in our case the policy 
and problem streams are coupled very early in the process by policy explorers (and sometimes others). 
The political stream is often the last stream to join, resulting in what Kingdon identifies as politically 
activated policy windows [4]. The joining of the political steam, and thus the opportunity for the issue to 
reach the decision agenda, is conducted by policy pioneers (discussed in the "bureaucrats vs. political 
appointees section").  
6.7.4.1 Problem and Policy Stream Coupling 
Pilot studies are the mechanism by which problem and policy streams become coupled. While the 
development of either of these streams may occur independently through other mechanisms, 
participants reported pilot studies as the predominant method for building both streams. The research 
aspect of pilot projects provides policy recommendations by establishing the technical validity of various 
implementations. Pilot projects often simultaneously invite members of the policy community for field 
demonstrations, which give firsthand experience that is particularly poignant in punctuating the 
problem to individuals. This tight coupling of problem and policy streams is not recognized in Kingdon's 
book [4], and may be a feature specific to highway construction.  
We identify policy entrepreneurs and their critical role in punctuating the problems and 
promoting policy solutions connected with IC. The primary task for them becomes building awareness 
and the dissemination of knowledge and information to initiate the problem stream and couple the 
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policy stream. This task is crucial to establish the status quo and its disconnect, or problem, with what 
improvements could be made through use of IC.  
Field demonstrations were reported by all study participants as the most effective way to 
illuminate a problem and spread solution awareness. Field demonstrations provide direct empirical 
evidence of the potential improvements that a new technology such as IC can provide. Field 
demonstrations occur at various project levels. Despite the disjoint nature of state DOT operations, 
several participants were introduced to IC through field demonstrations both locally, nationally or 
internationally. International delegations, comprised of federal and state DOT employees, industry 
contractors and academics, perform scan tours to become exposed to new technologies in other parts 
of the world. This is particularly true in the case of IC, as the European highway community readily 
began research and development as early as the 1970s. European attention was undoubtedly a platform 
to foster U.S. interest in IC according to study participants. At the local or national level, several policy 
entrepreneurs within and even across state DOTs have diligently organized field demonstrations to raise 
awareness and garner support for IC. 
In all cases, direct exposure to IC has been reported to be highly successful in coupling problem 
punctuation with policy solutions. One participant noted that direct exposure via field demonstrations 
brings a certain concrete interaction and awareness that is difficult to achieve by simply reading 
technical reports or specifications. Another participant recalled a rather telling response of a DOT official 
following an IC field demonstration: "Wow, I didn't realize...and I guess it's a no brainer, we ought to do 
this…", and thus establishing the problem stream for IC in mind. Only once an idea takes hold in people's 
minds can it become institutionalized as policy reform [22]. 
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6.7.4.2 Political Stream Coupling: Opening of Policy Windows  
According to Kingdon [4], issues reach decision agendas when the three streams are joined 
through a transformation in the political stream or novel problem identification. We define IC as 
'reaching the decision agenda' when its usage on a project is suggested by either the DOT or a 
contractor resulting in initiating formation of a special specification. No states currently have a 
statewide specification for IC, so this case is not considered. This section discusses various aspects of the 
opening of policy windows. Our research shows that the joining of streams happens predominantly 
through politically activated windows. The individuals responsible for opening the policy window are 
policy pioneers (discussed in the "bureaucrats vs. political appointees section"), who are typically district 
engineers. In rare instances, these policy pioneers could be external to the government, but this appears 
to be contingent on the contractual structuring of the project. We also discuss specific economic aspects 
of the IC technology that impact the opening of policy windows. 
In the case of IC, proper alignment of ideologies between the four key roles discussed in the DOT 
Regulatory Environment section provides a critical window of opportunity. The key roles of exploring, 
pioneering, gatekeeping, and leadership represent the minimum support structure necessary to pass 
new specification. The problem and policy streams already pose a tight coupling in this industry. A 
political alignment is necessary because policy changes require individuals to place themselves at risk, 
which they will not do without an understanding that the necessary support exists. 
Of particular note in this network is the role of policy pioneers, who again are the ones that exert 
their influence to formulate the use of IC on a project. These individuals' reputations are directly 
attached to the projects they work on, and we must stress the overwhelming sentiment of respondents 
that failure carries a much higher consequence than success. Study participants listed the most common 
position of IC policy pioneers to be in state DOT district offices, i.e. the ones in charge of executing the 
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majority of highway construction and maintenance projects. The second most common position of 
policy pioneers for IC is engineers within general contracting firms. Policy pioneers can exist elsewhere 
within the DOT, including engineers overseeing special projects from a position in the DOT central office. 
Participants noted that in very rare cases, pioneers have been positioned in the FHWA and AGC, using 
political power to initiate policy reform. 
Upon the opening of this politically activated policy window, it appears that the tight coupling of 
the policy and problem streams facilitated a rise of IC to the decision agenda. Field demonstrations 
provide this tight coupling and are used as a networking event where problem and policy streams are 
simultaneously illuminated to political participants. As one participant put it, "we had all the right people 
at the field demonstration. The ones [district engineers] that were interested were easily able to identify 
potential projects in their districts."  
Interestingly, our study only found contractors as policy pioneers on Design-Build (DB) projects. 
DB is a contracting structure in which the contractor is responsible for designing the structure. This is in 
contrast to the more typical Design-Bid-Build (DBB), in which the design phase is conducted by another 
entity. Two aspects of contracting appear to make DB better suited for supporting contractor initiated 
innovation: award criteria and control over design. The awarding criteria for DBB projects is typically 
lowest cost, while DB often supports best-value evaluation. DB provides the opportunity for contractors 
to consider innovations like IC that provide added value at an added cost. Another advantage of DB is 
that it allows contractors to discuss novel ideas early in the design phase. This is critical for technologies 
like IC that impact the design of the structure through soil selection and placement guidelines. The DB 
structure expands the window of opportunity for contractors to act as policy pioneers and bring an issue 
to the policy agenda.  
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The up-front investment for a technology is also a critical factor in understanding the formation of 
viable policy windows. Multiple interviewees provided non-IC examples where contractors could often 
be more effective at implementing innovations at municipalities because there was a closer working 
relationship and less bureaucracy. However, innovations with a high initial investment, such as IC, would 
be unlikely candidates to appear first on small municipal projects. Implementation of these types of 
technologies therefore depends more heavily on the innovation-based policy reform practices of state 
DOTs discussed in this paper.  
6.8 Conclusion 
U.S. DOTs face a tough road ahead with constricting budgets and deteriorating highway 
conditions. Technological innovation is one means to alleviate this pressure, but the highway 
construction industry is notoriously slow at adopting new innovations. In this paper, we have sought to 
understand this innovation adoption process through Kingdon's theory of agenda setting and in the 
context of responsible innovation adoption processes. Our intention was two-fold: (1) to provide 
insights into DOT policy reformation processes that we hope the industry will find useful in streamlining 
adoption of future innovations, and (2) to use this case study to contribute to the body of literature 
applying Kingdon's theory to the dynamics of various policy setting environments. This paper highlights 
four critical points regarding the application of Kingdon's theory to the adoption of innovations in the 
highway construction industry, specifically in the case of IC.  
First, perhaps the most critical factor driving innovation adoption is the personal character of the 
people involved; their risk tolerance and perseverance are what give an innovation a chance at 
adoption. This research identifies the importance that personal character plays in a general sense, i.e., 
with respect to an innate tendency of personnel in this industry to either accept or reject innovation. 
Coincident with the literature, personal character is duly noted as one of the primary motivators for 
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policy entrepreneurs. Policy entrepreneurs in this industry appear to be of Kindon's values promotion 
category, exemplifying an ethical motivation to responsibly serve society with the most progressive and 
appropriate technological innovations. Analysis revealed that institutional incentives for supporting 
innovations were not the main drivers for adoption, and there exists a conservative culture that hinders 
change. 
Second, the highly technical nature of DOT policy making creates a challenging environment for 
including societal feedback and complicates interpretation of Kingdon’s original presentation of his 
framework. This technical policy environment results in a need to redefine ideological affiliations as a 
proclivity towards innovation, i.e., rather than political affiliation. Further, this environment promotes a 
reversal of Kingdon's idea that political appointees catalyze change, as opposed to civil servants. Instead 
it is clear that it is the career civil servants that need to be the movers and shakers for regulatory 
reform. In future applications of Kingdon's framework, the role of bureaucrats in agenda setting should 
be evaluated on a case-by-case basis. 
Third, we expand upon Kingdon's idea of policy entrepreneurs so far as to define four roles these 
entrepreneurs fulfill in the DOT technology adoption process, namely the policy explorers, policy 
pioneers, gatekeepers, and leaders. The identification of these roles may assist fellow policy 
entrepreneurs in advancing technology adoption through the alignment of these individuals. We suggest 
that future research investigates whether these roles generalize to other institutions.  
Finally, rather than the convergence of the three streams at a single policy window as Kingdon 
suggests, we identify a tight coupling between the problem and policy streams that precedes IC reaching 
the decision agenda. This is in agreement with other literature that draws into question the dynamics of 
Kingdon's stream coupling [25]. Kingdon's theory is, however, useful in addressing the prevailing path by 
which IC policy is ultimately raised to the decision agenda via a politically activated window. Stream 
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coupling plays a defining role in policies reaching the decision agenda. In the case of IC, field 
demonstrations appear to be an effective mechanism for coupling streams suggesting that these efforts 






The city of Venice, Italy is joined with the Adriatic Sea to the east via three inlet channels. 
Storm events, originating from the Adriatic, have historically raised water levels in the Venice lagoon, 
flooding the city. The city has decided to construct retractable flood gate structures in each of the three 
inlets in order to temporarily mitigate floodwater levels during storm events. A vibratory plate system, 3 
meters in length by 3 meters in width, was constructed to perform compaction of the saturated, 
structural fill used for the gates’ foundations along the seafloor. Successful compaction requires that the 
structural layer achieve a certain design stiffness for proper performance. A real-time performance 
evaluation model was developed to monitor stiffness during underwater compaction using on-board, 
vibratory plate instrumentation, i.e., accelerometers. The model was successful, but suffers limitations 
in that it does not account for dynamic, excess pore water pressures generated during underwater 
vibratory loading. A series of cyclic (<0.2Hz) and dynamic (1-30Hz) laboratory tests on a water-saturated 
sand were performed to investigate the influence of dynamic, excess pore pressures generated during 
vibratory loading. Accumulation of plastic volumetric strain, and consequently excess pore water 
pressure, can be significant during undrained cyclic loading. Accumulation of excess pore water pressure 
during vibratory loading is consistent with results from cyclic testing. The research being presented 
indicates that monitoring pore water pressure accumulation, enabling application of an effective stress 
model, would assist in avoiding significant plastic yielding and cyclic mobility induced failure during 
vibratory loading. Additionally, this research investigates the use of surficial, electric potential (self-
potential) measurements to monitor the streaming potential phenomenon to infer subsurface, dynamic 
pore water pressure generation induced during vibratory loading. 
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7.2 MONOTONIC AND CYCLIC TRIAXIAL TESTING 
The following conclusions can be made given the results presented in Chapter 3. 
• Specimen preparation and response demonstrated very low statistical variability. The COVs 
reported for specimen preparation repeatability, stress-strain and excess pore pressure 
response, in addition to the elastic parameters determined from the data in this chapter exhibit 
COVs less than 12%. 
• Specimens prepared to 0.9 < ` < 0.95 did not indicate any conclusive evidence that the 
response was detrimentally impacted by the degree of saturation when compared to specimens 
prepared to ` < 0.95. 
• Accumulation of plastic volumetric strain (+GcdQ ), and consequently excess pore pressure ("B), can 
be significant during undrained cyclic loading. 
• The transition from contractive to dilative behavior indicates the onset of plastic yielding during 
both loading and unloading.  
• The point of transition corresponds to a 8 9 ≅ 1⁄  during loading.  
• There is no clear threshold for the point of transition during unloading, but 
appears to occur earlier in the unloading portion with additional cyclic loading. 
• Both loading and unloading curves demonstrate a linear portion up to the point 
of transition, where the onset of plastic yielding occurs. 
• The point of transition can be clearly identified in 8 9⁄  space as axial strain 
yields in almost perfect plasticity with no additional increase in effective stress 
ratio. 
• The point of transition also corresponds exactly with the point of changing 
trends in "B, indicating either increasing or decreasing excess pwp generation. 
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• Smaller geometry specimens prepared with diameters of 152mm demonstrated 
a contractive-dilative transition behavior consistent with 8 9 ≅ 1⁄  
7.3 DYNAMIIC TRIAXIAL TESTING 
The following conclusions can be made given the results presented in Chapter 4: 
• Dynamic testing was performed on specimens at oscillatory 8 9⁄  ratios well below failure (i.e., 
0.3 < 8 9  <⁄  0.6). Undrained and drained specimens experienced accumulation of both pore 
water pressure and plastic strain, respectively. Accumulation of pore water pressure and plastic 
strain is consistent with results from cyclic testing presented in Chapter 3.  
o Undrained test sequences were subject to two tests performed at 1 Hz, and  consecutive 
sequences of 10, 20, and 30Hz. Following the 2nd test performed at 1Hz, specimens 
experienced approximately 1 and 4kPa of "B accumulation between test sequences. 
o Drained test sequences experienced a small amount of +GcdQ  accumulation, 
approximately < 0.02%. 
• Test chamber plumbing influenced drainage conditions during dynamic loading. Undrained and 
drained test sequences experienced nearly identically oscillatory response. 
• Attenuation and storage modulus was determined with respect to stress, strain, and PWP. 
o A quality factor EM 'is determined from the phase lag LM  between stress and strain time 
histories. Both drained and undrained EM ' increase with increasing frequency. Increases 
in EM ' for test sequences performed at the higher confining stress = 241kPa are 
approximately 75% less. The specimen when consolidated to = 241kPa likely has a 
more dense and rigid skeleton and would account for lower attenuation dispersion. 
Higher attenuation in the test sequences at = 69kPa is like due to losses associate 
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with a looser soil skeleton, resulting from for example grain rotation or grain contact 
friction. 
o A dynamic, stress-strain storage modulus is determined as the ratio of the real 
components of stress and strain. As to be expected, the dynamic, storage modulus is 
higher for sequences performed at the higher confining stress. Higher modulus results 
from smaller strains resulting when the specimen has been consolidated to a more 
dense state. 
o A quality factor related to PWP attenuation will be referred to as E67 ', is determined by 
comparing the L67  between transducer combinations PWP-1:PWP-2 and PWP-3:PWP-2. 
At the lower confining stress = 69kPa, E67 ' trends are similar for the drained and 
undrained tests. At the higher confining pressure, E67 ' trends are also similar between 
drained and undrained specimens.  The increase in E67 ' at the higher confining pressure 
is approximately four times greater than at = 69kPa. Losses in pore water pressure 
energy at the higher confining stress likely result because higher pore pressures are 
generated during excitation. 
o A storage modulus related to PWP is determined as the ratio of the real components of 
stress and PWP for each of the embedded transducers. Increasing trends in 267 are again 
similar for both the drained and undrained test sequences at both confining stresses. In 
both cases, 267(  determined from PWP-2 at the specimen’s mid height are significantly 
higher than PWP-1 and PWP-3. This reflects the fact that PWP-2 consistently observed 
an attenuated excess pore water pressure. 
• A Cole-Cole model was used to fit attenuation and storage modulus data with respect to force, 
displacement, and PWP to identify a stress relaxation in the 1-30Hz frequency band.  
234 
 
o The Cole-Cole model fit the force-displacement reasonably well. None of the 
experimental data captured precisely the peak relaxation. The drained and undrained 
test sequences at both confining stresses were modeled with a relaxation frequency of 
, = 100Hz, and a relaxation time of z = 10.0ms. Low and high frequency moduli were 
on the same order of magnitude for the drained and undrained case at each confining 
stress. 
o The Cole-Cole model fit the force-PWP data exceptionally well.  The data observed at 
= 69kPa clearly captured a peak relaxation that was exceptionally modeled at a 
frequency of  , = 20 and time z = 50 ms. At = 241, the data was restricted to the left 
of the relaxation peak with the relaxation frequency being modeled at a frequency of 
near , = 75 and time z = 13 ms.  
o Storage modulus dispersion was much less in PWP-1 and PWP-3 than PWP-2.  In all 
cases, the Cole-Cole model was more effective in capturing the experimental behavior 
of transducer PWP-2 at mid-height, like due to the fact that the response is the most 
representative of material properties and the least influenced by boundary conditions. 
The low frequency moduli were all on the same order of magnitude for drained and 
undrained test sequences at both confining stresses. The high frequency moduli were an 
order of magnitude higher at = 241kPa, indicating that, as a percentage, less of the 
applied stress is being transferred to the pore pressure compared to the soil skeleton. 
• A dynamic Skempton’s A parameter was calculated for both drained and undrainte test 
sequences at = 69 and 241kPa. The W parameter is calculated using peak-to-peak oscillatory 
amplitudes of PWP and stress increments for 25, 70, 150, and 200 cycles for excitation 
frequencies of 1, 10, 20, and 30 Hz, respectively.  
235 
 
o At = 69, both drained and undrained experience similar magnitudes and trends, with 
slightly more variability in the drained sequences. 
o = 241 similar trends to lower confining stress in magnitude and attenuation with 
respect to each PWP transducer. Overall, the W values observed at the higher confining 
stress demonstrated less variability 
o In general, drained test sequences demonstrated slightly higher W values. Higher W 
values reported during drained sequences may be the result of performing the test 
sequences consecutively, as the specimen may have become denser following 
undrained sequences. 
7.4 TIME-LAPSE ELECTRIC POTENTIAL RESPONSE TO IN-SITU PORE WATER PRESSURE GENERATION:  
IMPULSE AND HARMONIC EXCITATION 
The following conclusions can be made given the results presented in this Chapter 5: 
• Both impulse and harmonic excitation lead to dynamic streaming potentials that can be 
observed in PWP and EP measurements. 
• Spatial and temporal trends demonstrate the ability of time-lapse EP to characterize dynamic 
evolutions in subsurface pressure gradients.  
• By comparison of impulse pressure and PWP transducer measurement, a spatial phase delay 
was identified between excitation and response. Due to the physical nature of the streaming 
potential electrokinetic coupling effect, it is presumed that the PWP and EP response occur in-
phase being simultaneous.  
• A uniform, nearly central distribution of positive and negative potential was observed across the 
electrode array during both impulse and the 10Hz excitation tests. A uniformly radial positive 
voltage response indicates radial fluid flow away from the source, consistent with a physical 
interpretation of pore fluid movement immediately following a central, compressional impact. A 
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uniformly negative voltage anomaly indicates pore fluid movement returning in the direction of 
the source as the overpressure from the compressional excitation becomes relaxed. 
• Although nearly central, the dynamic potential distribution appears slightly asymmetric.  An 
asymmetric voltage response likely indicates preferential flow paths, whereby spatial 
differences in pore fluid movement with respect to velocity or pressure would manifest 
accordingly as potentials. In this experiment, preferential flow paths may have developed as an 
artifact of the soil test bed preparation procedure. 
• Dry testing reveals that the mechanical operation of the load frame does not impact EP 
measurements. 
• The degree of soil saturation can significantly impact amplitude and phase measurements both 
PWP and EP measurements. 
•  The results presented here demonstrate great promise for additional investigation into the 
dynamic streaming potential phenomenon and the correlative relationship of EP to PWP. In 
particular, it is recommended that future investigations seek to develop more robust test 
apparatuses to ensure complete saturation of soil and sensors. 
7.5 ROADBLOCKS TO RESPONSIBLE INNOVATION: EXPLORING TECHNOLOGY DIFFUSION AND  
SPECIFICATION REFORM IN U.S. PUBLIC HIGHWAY CONSTRACTION  
The following conclusions can be made given the results presented in this Chapter:  
• First, perhaps the most critical factor driving innovation adoption is the personal character of 
the people involved; their risk tolerance and perseverance are what give an innovation a chance 
at adoption. Analysis revealed that institutional incentives for supporting innovations were not 
the main drivers for adoption, and there exists a conservative culture that hinders change. 
• Second, the highly technical nature of DOT policy making creates a challenging environment for 
including societal feedback and complicates interpretation of Kingdon’s original presentation of 
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his framework. It is clear that it is the career civil servants that need to be the movers and 
shakers for regulatory reform.  
• Third, we expand upon Kingdon's idea of policy entrepreneurs so far as to define four roles 
these entrepreneurs fulfill in the DOT technology adoption process, namely the policy explorers, 
policy pioneers, gatekeepers, and leaders. The identification of these roles may assist fellow 
policy entrepreneurs in advancing technology adoption through the alignment of these 
individuals  
• Finally, rather than the convergence of the three streams at a single policy window as Kingdon 
suggests, we identify a tight coupling between the problem and policy streams that precedes IC 
reaching the decision agenda. Stream coupling plays a defining role in policies reaching the 
decision agenda. In the case of IC, field demonstrations appear to be an effective mechanism for 
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